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I^reface, 

We often read abput aircraft which do not fly, aifcraft 
which have accidents, but how often do' we think about why 
aircraft fly? And how'Dften do we wonder about the natur.e 
of this science of aircraft flight, how does the aircraft ^et off 
the grourid in the first place, how does it stay in the air, how - 

is it corftrolled in the air; how is it landed Many 

more "how" questions might be added: how is a plane put 
together; how "does one man control a complex modern 
aircraft. . . . apd on and on. 

This unit. Theory of Aircraft flight, will provide answers 
for some of these questions about the complicated and 
serious business of flying aircraft. Odd as it fnay seem, the 
Weight brothers relied^oit ai§ny of the same principles used 
today when they built and.flew ^i^ir fir^t ws^ssjiil bi^avte- 
than-air craft in 1903. Because today's highspeed aircraft ^ 
use better propulsion systems, building materials, and 
designs from those of the early pioneers of aviation, they 
can fly much higher, farther, and faster ^han 'those early 
"iron birdsS' However,. certain principles of flight are com- 
mon to all aircraft, old and n^jvr-^ . , , 

In one sease,_the hijs^Tfy ?f aviation is the history of 
civilization. It has been said tiiat advances intransportatiofi 
have. paralleled advances in degree of civilizatio^. For the 
history of flight, this statement is certi^inly true. The pur- 
pose of this unit, however, is not to give you a history of 
aviation; rather, its purpose is to explain what enables man 
to fly. To do this it will be necessary to discuss some histori- 
cal developments which have rt^ade flying an accepted 
means of tra^portation. ^ 

You will also learn about the ai-r around you and what 
its properties are. We'll then -move on to examine the' 
balance of forces which hold an mr^aft in the air and how 
an aircraft moves through the^air. Next, we'll look at 

i" ^ '1 



aircraft structure, the/basic components of an aircraft; the 
hows anj Vhys of aircraft design; and the stresses that oWr 
on the airframe. 

/ Finally/'we'll examine aircraft instruments: what they 
are; whk types there are; and, basically, how. they work. It 
seems* wiser to present^ overall view of the aircraft and. 
how 4t works before we calamine tie instruments which the 
pilot uses to tel) how his aircraft is performing. In addition^ 
the booklets on propulsion systems and navigation will dis- 
cuss certain instruments .in more depth than-this brief over- 
all treatment allows. - . * 

We might mention here that several writers on the sub- 
ject of aerodynamics point'out that "theo'ry of Qight" is 
something 'of a misiiortier: human flight is fafct. We know 
that an aircraft caft fly, know that the atmosph^e has 
certain properties. Why, then, do we dall it a theory? The 
"theory'' involved is the tying together of all these knowh 
facts into an explainable package.^ 
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THIS CHAPTER places man's attempts to fly Itt historlcar 
pwwtive Rrst, yoq will briefly review man's early attempts^ 
fly^Then. you will examfnp the physical laws which underlie 
flight, particularly Newton's 1^ of Motion and Bornoulll'sPrin- 
clpte Finally, you will look at an aircraft In flight antf«xamlno the 
balance of tbrces which keeps -It there. Afl^r you have studied 
thf^chapter^ lipu should be able toi (1) outline the steps that led 
!?^!!.*^Sf*? — powered, heavler-than-air aircraft 
flight,- ^) shbw howthe Wright prother? applied Newton's Laws 
of MQtlqr> ^ B6rh6ylll's Priodple Xo thefr aircraft; and (3) ex- 
plaln^why tUte forces of lift, weight; tWust.'ahd drag are essential 
td.8ucQessful flight.' '■ ' 



ITH A ROAR and then a $tcady hum. your flight taices off. The 
T T "Fasten Seat Belts" sign gots off, and Vou relax, secure in the 
knowtedge that your aircraft is being flown well and $afoly But then you 
look out the window and sec those big engines, representing hundreds 
of hotse[X)wer, propelling your aircraft through' the air How do they 
keep yofir plane in the air'' Why doesn't it fall out of the sky? How (and 
maybe why) did you get up where you are in the first place'' 

Sit back, relax; and don't worry Something more than good luck is 
kcepmg your aircraft in the aif • In one sense, the last five or six hundred 
years' cxpcricrrcc of mankind is holding up your plane. This chapter will 
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take a brief look at aspects of the last five centuries which have led to the 
smodth and safe flight you're on right now The histoi-> of man's at- 
tempts to fly under his own ptjwer like the birds is an important aid to 
understanding why man is now able tu fly. A short review of man's trials 
and errors in his attempts to fly may well remove som<? of your own 
misconceptions about the nature of flight, certainly, it will show you 
how'earlier man attempted to fly ^ 

Like so many other things, it all began with the Greeks You have 
probably heard of read about the legend of Daedalus and Icarus In 
order to escape from the labyrmth of King Minos of Crete, Daedalus 
made wlitgs for himself and his son Icarus from feathers and a magic 
wax Both es|?aped from the labyrinth, but, so the legend goes, Icarus 
flew too near the sun, and the sun melted his wings, causing him to 
plunge to his death in the sea. Like ^1! legends, this one probably has no 
basis in fact, rather, it arose to explain somethmg^t man could ex- 
plain no other way birds fly and man does^rT^lan(had tried, but his 
nature was such that he didn't succeed, ^ 

Archimedes, meanwhile, was performing experiments with water, but 
his conclusions about the nature of water were also to affect pre-Chris- 
tian man s notions of flight Archimedes' experiment^ led him to this 
conclusion a body will float if it is lighter than a like measure of water, 
but It will sink if It IS heavier Extending this conclusion to one specific 
case, he concludeci tha^ if things lighter lhan water will float on the sea, 
then things lighter th^air will float *'on" the atmosphere The problem, 
of course, was simply to build an airship lighter than a like volume of 

air ^ y 

In this same pre-Christian period of history, th^ Chinese had solved 
the problem quite another way they figured out how to harness moving 
air by means of Ihe kite Old records indicate that some of these early 
Chinese kites were large enough to lift a man Some of these man-bear- 
ing kites were even usCd in battle for obsefvation fkcause the Chihese 
and Greeks were unable to combine their knowledge, it was not until 
much later that man seriously directed his efforts to solving t^c 
problems of flight 

Another major thinker on the problem of manned flight was the great 
Leonardo da Vinci Da Vinci designed both a parachute and an early 
form (a prototype) of the heiicopter, as well as a manpowered or- 
nithopter (a flying machine which used the same principles as birds) 
But he realized that a power source capable of flying the machine was 
not available, and so many of his ideas remained in notebook form until 
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quite rcccnilv A model of da Vinci's helicopter recently built according 
to his plans was reported to have been successtull> flown., although 
present-dav helicopters, ui course, far surpass da Vinu s wildest dreams 
(see Fig I ) 

Since hcavicr-than air craft seemed totall> out ot the question, man's 
attention next turned to the possibility of lighter-than-air craft," 
specifically balloons Joseph and Eticnne Montgolfier. eighteenth-cen- 
tury Frenchmen, discovered that smoke (which is really heated air^ con- 
tained in a silk bag rises, until, of course, the smoke cools off Controll- 
ing balloons in the air. however, proved a difficult task, and it was not 
until the middle of the nineteenth century that man was able to control a 
balloon with any great degree of success 

The next ma)or step in man's conquest of the sky came from simple 
observation f)f birds in flight Today, it p<?rhaps seems a bit elemerttary 
to us that birds sometimes flap their wings and sometimes do .not, 
because we understand that both the motion and the rigidity of birds' 
wings are tied in with their ability to fly But the gliding ability of birds 
was to p'rovide the clue to the secret of flight 

The Chinese and Japanese had reali/ed that the gliding ability of 
birds could be duplicated, to a degree, in a kite Old records and legends 
would have us believe that men were '^flying" in kites as early as the 
1600s But this IS not really flying, as we understand the term today— it 
IS more like floating or soaring than flying 

3 ^ 



THEORY OF AIRCRAFT FLIGHT 

In the early nineteenth centu^, the Englishman George Ca>lc> con 
structed the first true model glider. Cayley's writmgs mdicate that he 
realized many of the problems about human flight which later cxperi 
mcnters would have to solve Stability and steering were still the primary 
difficulties man was encountering in the air 

Later nineteenth-century experimenters laid the real foundations for 
the Wright brothers 1903 il^ght John Montgomery, an American 
physics professor, realized mat man must' undersund hovkUa-qjake a 
controllable glider in order to fly safely Otto Lilienthal, a Germafl"at---3<p-- 
perimenter, also began with gliders realized that an understanding 
of the glider was essential to an understanding of the true nature of 
flight. By 1 896, he built a powered biplane with movable control sur 
faces (wingtips), but he was never to fly it because of an accident in one 
of his gliders. Octave Chanute, an American engineer, finally designed 
an easily controlled glider which did not require an acrobat to fly it 

Meanwhile, the internal combustion engine had emerged as the pri 
mary source of power for the twentieth century The exact history of the 
development of the internal combustion engine is unclear, but it appears 
that Charles Manly was one i^f the first to build an-internal combustion 
engine for an aircraft. The engine was installed id an aircraft built by 
Samuel Langley Langley's big aircraft never actually flew, although a 
reinforced reproduction of this plane made inihe early part of the twen 
tieth century, was successfully flown ' * 

Another aeronautical advance took the fi>rm of the steerable airship 
or dirigible. The rigid or nonrigid balloon, eventually i)f cylindrical 
shape» was driven by internal combustion engines mounted on a cabin 





Rgure 2 Dumont Dingibte and Zeppelin Rigid Airship 
A O 
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suspended below the craft. These hghter-than-air craft vied with the 
hcavier-ihan-air machineUor superiority m the early pan of this cen- 
tury, but the advantages of g-eater maneuverability and speed of the 
heavier airplanes greatly outweighed those of the dirigibles (sec Fig. 2). 

It fell to two bicycle makers ft-om Dayton, Ohio, Orville and Wilbur 
Wright, to combine all of man's previous knowledge with their technical 
skill and original contributions to make the first successful controlled, 
powered, heavicr-than-air aircraft flight. N(>iice all those terms, ^'con ' 
trolled," "powered," and "heavier-ihan-air." When we think of 
pioneers in aviation today, too often we tend to think that it all began 
with Orville and Wilbur Wright. This simply is. not so. The Wrights 
studied all the available material on gliders, airships, conirpl systems, 
and power plants, and only as a result of the study was their successful 
flight possible. 

What did the Wrights study What did they have to know in order to 
inake their plane fly'' They had to know the same basic things you will 
have to know in ordef to understand how and why an airplane flics 
They did not understand the principles of flight in quite the same terms 
that we will use, but where they did not understand, they e?fpcrimented. 

How can an aircraft nyS Slated orie way, heavier-than-air aircraft fly 
when the application of power creates thrust greater than drag (the 
resistance of the air), enabling airfoils to lift and support a given weight 
in flight Thai's the whole story in a nutshell. Now let's try to explain 
what this really means Aerodynamics includes physical laws which have 
a scientific basis in fact So, we would do well to examine a few of these 
basic physical laws Sir Isaac Newton ( 1 642- 1 727) formulated three im- 
portant basic physical, laws. An understanding of his laws of motion is 
essential to an understanding of aircraft flight 

NEWTON'S LAWS OF MOTION 

Newton based his laws of motion largely on observation and experi- 
mentation Like all theoretical laws, Newton's laws were originally 
based upAn wha'i Newton saw around him and then were expanded to 
include new phenomena Aircraft flight is a good example of something 
Newton had never seen (and would never sec). h \s interesting to note, 
however, that Newton's laws are substantiated by the fact that aircraft do 
fly Although you have studied Newton's Laws m earlier texts, they are 
so important to understanding flight that we should review them before 
going on. . 

"A body continues in us state of rest or uniform motion in a straight 
line unless an unbalanced force act^ o\\\:' This is Newton's First Law 
of Motion. Stated more simply, it becomes A body at rest tends to re- 
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main at rest, and a body m motion tends to remam m motion, unless an 
outside fprce acts on the body This law is sometimes called the Law of 
Inertia. This is how it works. 

Imagine that you are standing up in a crowded train The train is 
moving forward at about 50 miles per hour when the engineer suddenly 
applies the brakes. WTiat happens to you*^ Unless you can grab onto a 
seat quickly, you 11 continue to move forwai'd. even though the train has 
stopped. You are expewencing Newton's First Law of Motion You are 
tte body in motion, an\so you tend to remain m motion The train, 
too, IS a body in motjonTlTut an unbalanced force (the force of the 
brakes) acts on'the train to stop it. 

"The acceleration of a body is directly proportional to the force ex- 
erted on the body, is inversely proportional to the mass of the body, and 
IS in the -same direction as the force " That involved statement is 
Newton's Second Law of Motion. It says three basic things (1) When 
you hit something, it picks up speed, (2) The heavier the object is, the 
•less rapidly it picks up speed, and (3) The object picks up speed and 
continues to move in the same direction from which you hit it 

Imagine, now, that the train you were taking (the one that slammed 
on the brakes) was heading for the golf course. It's a beautiful spring 
day, and you place your golf ball onto the tee You go into your back- 
swing, your club stops at the top of your backswing, you go into your 
downswing, and at the bottom of your downswing, your club head meets 
the ball. The ball takes off,»and you follow through. It's a perfect shot, 
straight down the middle of the fairway. 

You've just demonstrated Newton's first two laws of motion How"^ 
You hit the ball (applied an outside force), making it move (overcbming • 
us inertia). You caused it to pick up speed (accelerate) Since the golf 
ball IS relatively light, it picks up speed rapidly. Finally, since your^hot 
was straight, it accelerated in the same direction as the force 

WTienevcr one body exerts a force upon a second bi)dy, the second 
^ exerts an equal and opposite force upon the first body " This is 
Newton's Third Law of Motion. Stated another way *Tor every action 
• there must be an equal and opposite reaction " 

Let's go back to uur golf game and sec if we can see how this law 
works When you struck the ball with your club, you performed an ac- 
tion NVliat was the reaction'' The gulf ball reacted against the club, and 
this reaction was transferrer! up the shaft to the club to your hand Then, 
It went on up your arm to your shoulder, and ^ou "felt" the connection 
between ball and club 

These three laws, then, arc important to the student who wants to 
understand why planes fly You should also be familiar wit^ some terjns 
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used in connection with these laws. You will encounter these terms in 
your study of aerodynamics. It is a good idea, then, to understand them 
from the start. 
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NEWTON*S LAW ORWOTiON 

A body at rest tends to remain at rest, and a body in motion 
tends to remain in motion, unless an outside force acts on 
the body. 

The acceleration of a body is directly proportional to the 
force exerted on the body, is inversely proportional to the 
mass of the body, and is in the same direction as the force. 

For every action there must be an equal and opposite reac- 
tion . 



ACCELERATION. VEI (KITY. FORCE. AND MASS 

In our discussion of Newton's Second Uw of Motion, we mentioned 
the term ac^leration. Wfflft.'exactly. is acceleration? We hear the term 
all the tittie: cars accelerate from 0-60 miles per hour in x number of 
seconds'; aircraft accelerate from oije speed to another; and so forxh- A 
formal definition of acceleration states. Acceleration is the change in 
veloatyper unit of time. Acceleration, then, represents a change But a 
change in what? A change in velocity. What, then, is velocity Velocity 
IS simply, rate of motio"h in a given direction. In other words, accelera- 
tion IS chai^ge of rate of motion in a given direction per unit of time 
Remember this definition, you will be using.it later in this unit- 
Let's take another look at Newton's Second Uw of Motion. We've 
defined acceleration and velocity, how about force an4inass'> Force can 
be defined as power or energy exerted against a mate/ial body in a given 
direction. Perhaps you had already learned that force has both mag- 
nitude and direction. Mass is a little more difficult to explain Mass is 
the quantity of material (matter) contained in a body, while weight 
(which IS often erroneously confused with mass) is really an expression 
of the amount of gravity being exerted on a quantity of matter Let s 
assume that planet "X" has a gravitational force ("pull") twice that of 
earth. A person who weighed 150 pounds on earth would weigh 300 
pounds on planet "X". The force of gravity on the moon is approx- 
imately one sixth that of earth. In the case of the 1 50 poUnd person, he 
would weigh 25 pounds on the moon. On the other hand, if the in- 
dividual IS placed in a weightless condition (no gravity), in effect, he 
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would have no weight Although weight can vary, mass is constant 
regardless of its location or motion. 

Let's substitute our new definitions of terms into the already lengthy 
statement of Newton's Second Law of Motion and see what happens 
The rate of change of motion of a body is directly proportional to the 
power or energy exerted against tlAs body, is inversely proportional to 
the quantity of matter m this body, and is in the same direction as the 
power or energy exerted against this body Well, we've added some ad- 
ditional words to our statement of this law of motion, and hopefully 
we've gained better understanding of what these words mean. 

These laws of motion will figure in a latcr-discussion of aircraft flight 
Another factor which is essential to this discussioti is called Bernoulli's 
Principle. 

Daniel Bernoulli, an eighteenth-century Swiss scientist, discovered 
that as the velocity of a fluid increases, its pressure decreases. How and 
why does this work, and what does it have to do with aircraft in flighf 

Bernoulli's Principle can be seen most easily through the use of a 
Venturi tube (see Fig 3). The Venturi will be discussed again in the unit 
OH propulsion systems, since a Venturi is an extremely important part of 
a carburetor. A Venturi tube is simply a tube which is narrower in the 
middle- than it i^at the ends. When the fluid passing through the tube 
reaches the narrow part, it speeds up. According to Bernoulli's Princi- 
ple, It then should exert less pressure" Let's see how this works 



GREATER VELOCITY-LOWEJ? PRESSURE 

-f^Jl^J^^gii^ I ^,.^,.H'M^,mi'lV, r,fi 

;;^(t24S^T^'N4>^^ ^1(^1^^-^ OUTLET 




Rgure3 HowaVenturilTubeWorks Note t>ow the outside air pressure forces the 
mefcury up the cent^ tube because the pressure m the' throat is reduced 
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' AS the flu.d passes over the cenual part of the tube, shown .n Figure 
. mo ^ ene evWd up as the molecules accelerate. Th.s leaves less 
3. more energy '^^"P ^^^e thus decreases. One way to 

' f you-thal we haven't gotten very far in answer.ng th.s quesJh«. but 
we're on our way. 

THE FORCES OF FLIGHT 
Our Diane is .n the a.r. and four forces in balance with one another 
hol^i there four force, are l.ft. weight, thrust, and drag^ As you 
from Figure 4 these forces operate .n pairs; thrust and drag; lift 
Td^e. hTw?: di^^ l.ft and h':w it works .n a later chapter and 

' rreiS^irnte^htse^estoKeeptheaircraftfromc^ 

g.vcs frr:J^d motion to the aircraft. The propeller or the jet eng.ne pro- 
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duces the thrust Drag, on the other hand; is the force which is opposed 
to thrust. It opposes the forward motion of the aircraft k s ca^^ 
b^cal y..by the resistance of the a.r to the aircraft pass.ng t rou^t" 

helpful to flight, and the other two-weight and drag-as being Z^M 
But thmk about a again: if there were no weight STounVeract lTft h. 

Tc^mrrrifrrr' "V'^"^ L'a 
10 control it. ;f there were no drag to counteract thrust the aircraft' 

control .t. When weight and lift are equal, the aircraft flie^ level ne Silr 
c mbing or descending. When thrust and drag are equi l.Th ' "r 
at a constant rate of speed, neither accelerating nor decele^adnT 

tv^^"''^''"'^ Law of Motion provides the explanation here- "For 
every action there must be an eaual and opposite reaction " In order fl 
a plane to fly straight and lev? at a cons't^t speS J^ft mit b^^S a 
and opposite to weight and thtust must be equa^d op^H 7^ 
Therefore, each of these/ur forces is both an asset and a liabilitv 
They are forces to use and^rces to overcome. The thrusTof ^ e„ S 

aircraft would be like a car without brakes or steering equipm^nT 
Weigh,, too can be. an asset. It provides stability and LToT Fuel 
capacity and payload (generally, passenger or cargo), whic^^e the ve^ 
things that make an aircraft a useful machine rather tL^, a pL?f 
sporting e<5uipment. also mean weight. ^ 

hml^T '".V'**' helpful forces, must also be kept within the 

hmits of usefulness and safety. An aircraft can be designed w th de " 
ed drag but tlvis decreased drag may al^ decrease lift It may al2 m^n 
^at^weight must be decreased, as well, so that the pl^': T^^^.Z 

We will be coming back to these basic four forces of flight in later 
chapters It is important here that you see that they are in»bTn^ wi h 

To suin up' Man-s early attempts to fly were unsuccessful because he 
did not uriderstand the nature of what he was trying to do As mTn's ob 
servations became n^orc refined, his understanding increased Scientific 
experimentation t<?ok the place of wishful thinking, and man fmal y wa^ 

ct^n^he"a""'t" "'"^ M-'-- 

h^rcraft oft" «=^'n forces which hold ' 

his aircraft aloft, but the entire story is somewhat more complicated. ' 
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AERODYNAMIC FORCES 
The remaining chapters in this unit will cover other aspects of aircraft in 
flighu * V ^" 

WOR&S AND PHRASES TO REMEMBER . • 

Newton*s First Law Bernoulli's Principle 

Newton's Second Law • Venturi tube ' . 

Newton's Third Law - differential pressure / 

acceleration weighV , . ^ 

velocity * ^, thrust ^ ' * < 

force ' j drag 

mass 



THINGS TO DO 

I. This chapter deals with basic principles uf physics Talk with your physic^ teacher 
about experiments you n^ight do to dem(«(htrati Newton's Laws of Motion 

I. Fasten an electric fan t6 ruUer skates and turn a on. (Have someone statid near the 
plug so you can stop it). Explain why the contraption worked the way it did 

3. Find examples of early aircraft that did not fly Explain tu the class why they couldn't 
fly and the aerodynamic, principles involved ' ' 

SUGGESTIONS FOR FlhURE READING 

Benkert, JosfcTH >V. fnirvduaion to^Jtatton Scim^e. Englewood Oiffs, New Jersey Pren^ 

tice-Hall, Inc , 1971. , . 
Caidin. Martin Flying. New York, Holt/Rinchart, & Winston. 1963 
Cessna Aircraft Company. The Ftymg MacHtnr First Qjustn to the Bird Wichiu, Kans^ 
I Cessna Aircraft Company, n d. ^ 

qiBte-&vii-m. Charles A. The tnyention of the Aeroplane. 1799-1909 New York 
^ Tapllnger Publishing Co Inc^ 1965. ' ^ 
Hi5t(?ry of Flight Nejw York American Heritage Publishing Co,, Iv , 1962 
JostPHY.ALViNM Jr (c^). vie History of Ftiiilu. New ^ork American Hefitagc Pub<jsh 

mg C6mp^ny\ Inc., 1962, • . , ^ ' _ • ' 

liOENlNO. Grover Takeoff Into Grcatnesf New York. G. P^ Putnam's Son?, 1968. 
Stover. H Qiaford and James J. HAgERrt'f7gf/« !«lcw York Jime Incorporated. 
1965. ' ^ 

" Van SiCKtt. Major Q^neral„Neil D \hdem Atrrrtanshlp 3rd cd. Princeton, New 

Jersey D Van/4ostrand Co , Inc . 1966 

Preview QUESTior>« ■ , 

1. Man*s early •Iicmpi9 to fly befan with the: 
«. Greeks * ' 

b. Germans • , ' 

, c. American* 

(f. AH of the above , ^ 
Z. The Daedalus and Icarus \t%tnd explains somelhinK thai man cpuld ^xplaln'no 
other way. What Was ihU? ^ 
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• * 

^' ^ ^* credited with design of the parachute and gn tnriy form of the ' 

helicopter. 

i - 

f Joseph and'Etienne Montfoiner discovered that contained in a silk 

l>ag, rises until it cools^'ofr. , » * ^ f " ^ 

5. Duyng George Ciyley's lime — _and were the primary difVicuIties map 

wasehcounteridgifilhejUr. ^ 

; 6. Name two experimenters who worked with gliders in the 19th century and laid 
l^pjftal foundation for the Wright Brothers 1903 flight. 

7. Charles Manley is credited with; 

a. ^tldii)g the first powered a^prait. ^ •> 

b. Being one of the first to buUd^ hitenui combustion engiae for an aircraft. . 

c. Building a powered biplane with movable control surfaces. 4^ 
* d. None of tha above. a , 

What are three advantages beavkr-than-air craft have over llghter-than-air 
' craft? 

9.* Tr^e or liaise. HeaWer-ihan-air craft fly when power is applied to create thrust 
greater than drag, enabling airfoJIs to lift and support a given weight In flight. 

<% 

10. $t*te Newton's thfee laws of motion in your own words. • 

11. How ranch would a 180 pound man weigh on the moon? 

12. Define velocity. 

IX Why is there less pr^Aure at the smallei^j^rt of a yenturf tube? ' 
44. True rf^ False. The hUt<<ry of aviation is not important ;o aviatqrs. 

15. List or explain the tpur forces of flight jn you/ own words.' 

16. True or False. Each of the four' forces of flight U both an ass^t and a 'liability. 

17. True or Fal*e. Mv's eariy attempts to tly were succassful becaiise he understood * 
Jhe naturf of flying. 
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THIS CHAPTER preaerts the atmoephiw as an liT^^^ 
inflight. 8©cauaeltls where flight takes piSice ftndlt rpakesfllgft 
poXte^ win /earf about deflnHtons of »e atrtiosphere «rtd 
SSJ^S^ «mpUitloo Of the atrposphere. Vou wl Jsjo ex^lrj 
Swat phySlMilF*:opertl08 of the 

moephere aod identify aome of the features of its ^yers. and 
.^jJjSnsewiftl^ihysIc^ . „ . . 



WE began this unit by tracing the history of man's attempts to fly 
and discussing some of the laws governing aircraft in flight In 
your own reading, you may encounter books which begin with the 
■ nature of the atmosphere, the air aroUnd us. fti this chapter we will 
' review the characterrstics of the atmosphere which you stydied in earlier 
units Certainly the atmosphere and its characteristics are as important 
. as the laws which describe aircraft in flightt .f we have to give factors 
relative importance. Actually, the interlfction of many things and many 
principle^ is really what makes flight possible. Let s look at the at- 
mosphere as one of the things affecting flight. 

TH^^^ATMOSPHERE: WHAT IS IT? 

The atmosphve has been defined as "the envelope of.air that sur-^ 
rounds the earth. " But this definition raises certain questions. How high^ 
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THEORY OF AIRCRAFT FLIGHT 
up docMiis envelope go? What is air madr'of? The^e are, of course, 
many other questions. Another definition (Wibes the atmosphere as 
"thclayer of gases surrounding the earth;' This defmigon is still too 
general for our purposes. ' •' . 

For a. very complete deTinitic^p yve could say the atmosphere is the 
body of air which surrounds the earth. It is usually thought of as consist- 
ing of different layers, shellsv or spheres. These layers ar^'sometimes 
calldd the tropb^phere, the stratosphere, and the ionosphere, they are 
ii^ sometimes called the lower atmosphere, the middle atmdSphere and the 
upper atadsphere. From a different viewpoint," these splieres may Ijave 
certain characteristics tliat make other names seem more Idgical such as 
the chemosphere, the isothermal region, the ozonosphere, the ex- 
■Dspbefe, the epphere, the physiological atmosphere, the mesosphere, I 
and the thermosphere. Quite a mouthful, to describe whlsj we see around 
us every- day. , ' 

We really should notice, though, that all of these definitions include 
the tferm^"air" o^"gas." For our i3urposes,"let^ define air as "the mix-^ 
ture,of gases in the atmosphere." Are we going in circles? Let's see. 1^ 
^ ^ti is a mixture, composed of several substances. You probably al- 
ready know what they are, but let's review them her'e. Nitrogen accounts" 
for 78.09 percent of air, oxygen accounts for 20.93 percent of it. The . ' 
axygen and nitrogen in the air, then, make up over 99 percent ofits 
composition. The remainder is composed of argon, carbon dioxrde 
neon, helium, krypton, hydrogen, xenon. and ozon^all in extremely • 
i^inute quantities. Air also contains varying amounts of water vapor, 
smoke, and dust particles, depending 6n where you are and hbw dense 
the smog is' The water vapor present in the atmosphere'tak«s on varying 
forms, depending upon related temperatures of the particular portion of 
the atmosphere it is in. And it is this water vapbr. combined with the cir- 
culation of air and the action of the sun. that causes most of our weather 
You have already examined the how and why of weather in Aerospace 
Education I; our purpose here is to examine the structure, composition, 
and properties of the atmosphere as these factors affect how and why 
aircraft fly. 




(()>^I'US1IJ()N Ol III! MVKISIMUKK 

Our, earlier definition of the atmosphere pointed out that the at^- 
mosphere is usually divided into various zones or layers. These layers, 
of course, are really spheres, because they surround the earth on all' 
sides The composition of the mixture w? call the atmosphere vanes 
from layer-to layer. What are these layers? 

The troposphere is the lowest layer of the' atmosphere and it is onlv 



PROPERTIES OF THE ATMOSPHERE 
about 5 to 10 miles thick. This layer extends upward from the ground, 
bur'it IS not a perfect^ sphere, being Only about 26,000 feet thick (5 
m'llcs) at the poles. At the equator it .extends upward to about 52,000 
feet (10 miles). All earthbuund objects are well within the troposphere, 
even Mt Everest. It is in the troposphere that most aircraft fly As a 
general rule, propeller-driven aircraft fly in the lower part of the tro- 
posphere, while jets fly in the middle and upper portions. 

Spacecraft pass quickly through the troposphere in sparing to the far 
reaches of outer space. Since the troposphere contains over 80 percent 
of the air molecules, these spacecraft encounter the greatest amount of 
air resistance m this zone. Similarly, both propeller-driyen and jet 
aircraft constantly encounter this large percentage of air molecules in 
flying m the troposphere. The effect of this resistance on an aircraft is 
called drag, as we nientioncd in the last chapter. 

The tropopause is the border between the troposphere and the 
stratosphere. The jet stream, a high-speed, globe-circling wind, is lo- 
cated at or near the tropopause. The usual speed of this stream of wind is 
100-300 miles per hour, but windspecds as high as 450 miles per hour 
have been recorded. 

The next layer or zone of the atmosphere is called the stratosphere. 
This zone extends from about 52,000 feet to about 264,000 feet (ap- 
proximately 10-55 miles) above the earth's surface. This portion of the 
atmosphere has a fairly constant frigid temperature in its lower sections 
The relatively small change in temperature with height in this region, 
reported by weather observation instruments, has been attributed to the 
presence of ozone, a heat-rctaining form of oxygen The ajr is "thinner" 
m this regipn of the atmosphere, and aircraft thus encounter less, 
resistance from the air. 

The upper atmosphere, often called the ionosphere, contains very 
few paiticlc^s of ajr. The distance between these atmospheric panicles 
may vary from several feet to several miles. The individual ga^ particles 
break down mto the electrical charges from which they arc made This 
breakdown gives tfio region its name (lon-osphejie). These iohs form a 
blanket hundreds of miles thick. It is 4n this Region that we see such 
electrical manifcsuiions as the Northern Lights (Aurora Borealis) 

These Itaycrsi. ^akcn together, cpmppso the atmosphere. The lay* 
which Will concern us most is the troposphere, because most aircraft fly 
withm this zone. ,Whe(i we speak oT atmosphere, then, wc are normally 
referring to. the Kopospherc. \ 

• V! vhopfU fii^ til i,Hf » iM(^.vrinu 

. Wc have pointed put that the atmosphere is not uniform, that it is 
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PROPERTIES OFfTHE ATMOSPHERE 
composed of several layers of varying composition ^Since aircraft fly 
primarily within the troposphere, we will concentrate on this- lowest 
level of the atmosphere. But many of the general points about the at; 
mosphcre arc valid for all levels (sec Fig 5.)- ' 
For example, the air resting on the open book now before you weighs 
more than half a ton! This air is in a column, extending for about 200 
miles straight up from where you are sitting through all the layers of the 
atmosphere. This great weight of air, however, crushes neither you nor 
your book. Imagine what would happen if a half-ton weight pressed 
directly down on you. Then why doesn't the air crush us? Air is 
relatively uniformly distributed throughout the loweSt portion ot the 
troposphere, so we are, in effect, in the middle of the air, rather than at 
the bottom of It. We also have air within our bodies, and this air also 
keeps us from being crushed. ' 

What principles of matter lie behind these observable characteristics 
■ Hcr(/they are: 'Air is matter, iir has weight, air is fluid, air is compressi- 
ble; air exerts pressure. Let's look at these characteristics one at a time. 

Air IS matter. How is matter defined? Matter is anything that has mass 
and occupies space. Since this definition includes some of the other 
characteristics of matter, let's look at them. ■ ' ' 

- Aifhas weight We've already mentioned this. The vertical column ot 
air extending upward from the earth weighs a great deal 

Air occupies space. A vacuum is the absence of air; various suction 
devices we see around us work 6n the vacuum principle. 

Air is a fluid Now we're getting somewhere. Fluids are substances 
which may be made to change shdpc or to flow by applying pressure to 
them. Both gases and liquids are called fluids, because both substances 
behave similarly under..certain conditions. But even though they share 
several common characteristics, certain characteristics are-true^f-gascs 
alone For example, gases may be compressed, while for practical-pur- 
poses, liquids arc imcomprcssiblc. This brings us to our next charac- 
teristic. ' . . , „. „ 
Air IS compressible. What docs this mcan'> It means simply that a 
given q^iantity of air may be made to occupy differing amounts of space 
A given number of molecules of air may be forced into a space smaller 
than the space they normally occupy ■ f , 

Air exerts pressure, Let's take our quantity of air which we vc forced 
into a smaller container. We've had to expend a force on this air to get il 
mto the smaller container. The air, in turn, exerts a force upon the walls 
of the eontaincr. This force is called pressure, and the air is said to exert 
pressure. If the air is pumped out of a closed container, creating a partial 
vacuum, the air molecules on the outside of the container exert a force 
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on t^e walls <,f the comamcr equal to the potential energy lost when the 
contamed a.r molecules were removed This external pressure may well 
crush the container, if it is not sturdily made 

Pressure ,s defined as force per unit area Force is^measured in 
pounds, and area may be mdasured in any desired units. .A.r pressure is 
usually measured in pounds (of a.r pressure) per square inch (of surface 

eTr^ imenr^H "h^? ""'"^^ P^^^^"^'^' ^^^^^"^'^^ ^n 

exf^r.ment wh.ch led to an easy way to measure a.r pressure Yo^ may 

be fam, har w.th his experiment, but it bears repeating here (see Fig 6) 

He fi led a glass tube about 36 inches long with hquid mercury Hefhe 
nverted th.s filled tube ,n an open d.Sh conta.mng more mercery W e 

• he removed his thumb from the bottom of the filled tube of mercury he 
found that .t d.d not all How out of the tube About 30 .nches of the ube 
rema.ned filled w,th the mercury What held the mercury up in the tube' . 

Air. pressing <m the mercury m the d.sh. maintained the level of the 
nZ«7 " 1 T""'"'" "''^'^-'^d that this level fiuctuated It 

. h«fore a period of good weather: and it tell before a per.od of stormy 

feather. He therefore concluded^ that the pressure exited by he 
'licT l' " weather^Today. we know that pressure 

• al<,nc IS not the entire answer to predict^ the weather, but we also real- 
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ize the significance of TorriceUrs dis^er> to an accurate under- 
standing of what air is and how it works 

The mercury in Torricelh's tube weighed 0.49! pounds per cubic 
inch. This means that each ciibic inch will exert a pressure of 0.49! 
pounds per square inch in all directions. The cplumn of mercury in the 
30 inch tube, then, will exert a pressure of Q.49 ! pounds per square inch 
times 30 inches, which is !4,73 pounds per square inch. Standard 
pressure is usually defined as the pressure necessary to raise a column of 
mercury to a height of 29.92 inches. This standard pressure, then, may 
be conveniently expressed as !4.7 pounds pef square inch. 

We should also make one other point about air pressure here When 
air pressure is measured by means of a column of mercury, the resulting 
pressure is called absolute pressure, because the mercury column 
measures the pressure of the air relative to zero pressure. Wlien you 
check the air pressure in your automobile tires and get a reading of 30 
pounds per square inch, on the other hand, you are really comparing the 
air pressure inside the tire with fhe air pressure outside the tire. FofTfts 
reason, this sort of pressure measurement is called relative pressure: 
you are making a reading of pressure relative to the existing outside air 
pressure If you wanted to compute the absolute pressure of the air in- 
side the tire, you would simply add the existing outside air pressure to 
the Reading on the tire gauge. 

Let's turn now to another characteristic of air. Air has density What, 
'exactly, does this mean? Density is defined as mass per unit volmne 
Mass, we pointed out.earlier, refers to the quantity of m^^er in a given 
substance. Wlien we combine all these terms, we get this density is the 
quantity of matter in a gi iff? substam. e per unit of \\}lufne of that substance. 
The unit of mass used m thfs country is the slug The weight of the slug is 
determined by a rather complicated formula involving Newton's Second 
Law of Motion and the theory of acceleration. For our purposes it'? 
enough to say that one slug would weigh 32. ! 7 pounds. At sea level, a 
cubic fool of dry air weighs 0.0765 pounds, and this same cubic foot of 
air, then, has a mass density of 0.002378 slugs * 

This all boils tiowt) to saying that at sea level, the bottom of the col- 
umn of air over the earth, a given cubic foot uf air will weigh 0.0765 
pounds and will have a mass density of 0 002378 slugs. However, at any 
location above sea level, the weight and density of a given cubic foot of 
air wil! change (see Fig 7). Imagine a pile of bricks !00 feet high. The 
brick on t}^ bottorn has the weight of all the other 99 bricks pressing on 
It. This means that it wil! have -a greater amount of pressure on it than 
will the brick on the top In this respect the column of bricks is like the 
column of air in the atmosphere 
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Rgure 7 ^e8Su^e-Denslty- Temperature variations with changes i(\ Altrtude The Slug tS a rneasore of Air 
Mass n iS used m Horsepower Computations whiuh are discussed in ProfXjt&on System^ ^of Alrcrsff 



But each brick has the same mass— there is the same amount of mat 
ter m the bottom brick as in'the top brick. The column of air» though, is 
different, A cubic fotJt o4 air at the bottom of the atmosphere simply has 
more molecules in it than a cubic foot of air at the top of the at 
mosphere. To dcscrib<i this, we say that the air at the bottom of the at 
mosphere has a greater density then the air at the tup oi the atmosphere 
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Each intermediate step» between the bottom and the top of the at- 
musphcre» has a gradually lessenmg number of molecules of air— and so 
wc can say that density decreases as height increases This simply means 
tfiat the higher you go, the less air there is. This fact is of great sig- 
nificance to pilots, as we will explain a bit further on. 

Another characteristic of air is its ability to hold varying amounts of 
w^ater vapor WTien we listed the components of air earlier in this 
chapter, we said that air contains varying amounts of water vapor Let's 
look at this water vapor nuw» examine what it does to the atmosphere, 
♦ and evaluate its effect on aircraft flight. 

Which weighs more? — a cubic foot of air or a cubic foot of water? 
Naturally, the cubic fuut uf water is much, much heavier than the cubic 
foot of ^ir. Does it follow, then, that adding water to the ^ir, in the fomi 
of water v^por, should make the air much heavier'' Oddly enougth 
adding water vapor tu the air makes the air less dense and, consequently, 
lighter in weight. Let's see how this works. 

^yate^ va{x)r is water in a gaseous sute. Its density is 0.001476 slugs 
per cubic-foot. Air, you will remember, has a density uf 0 002378 slugs 
per^cubic foot. JTie water vapor, then, will weigh only about five eighths 
as much as a similar amount of air. Wlien a given amount of this water 
vapor IS mixed with air, it displaces a similar quantity of the heavier air. 
Hence, the same quantity of air with water vapor mixed with it is less 
dens^'then dry air and therefore weighs tess. It's ironic that on a hot, 
humid, muggy day we say that the air feels oppressive and heavy, 
because the .air really is lighter. Probably you would run mto some trou 
ble convincing people that the air really is lighter, because it "feels" 
heavy. It feels" hcav^, of course, because perspiration, a cooling proc 
ess, IS not as efficient when water vapor is alr^dy present m the air. But 
this takes us to \he realm oi^^weather, covered in last year*s work. 

^ Lot's move on to another characteristic of air which is important to 
both weather and aircraft flight— temperature. Wc have already men 
tioned that the -temperature of the atmosphere vanes with height Cer 
tain levels of the almv)spherc have much lower and mute a)nstant tcm 
pcratures than the troposphere, the lowest level of the atmosphere For 
the moment, thcji, let us concern ourselves with a discussion of the rcla 
tionship between temperature and pressure within the troposphere 

Increasing the temperature of air decreases its density Decreasing the 
temperature oi air raises as density. The pressure on the air has to re 
mam constant durmg these changes in temperature fur the density to be 
affected in this way What this really means is that there is less air per 
cubic foot when the tenjpcraturc is high 
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Let's try to sum up what we Ve said about the air and its charac- - 
teristics. ' ' ^ 

• • The atmosphere is a)mpose<l of .several levels of mixed gases 

• The troposhere is the lowest of these levels. 

• Air. a name ajnveniently used fur atmosphere, has several important physical 
characteristics it is matter, it is a fluid, a is compressible, it exerts pressure, it 
can hold varying amounts of water vapor, and it is affected by changes in tcm- 

. perature 

All of these properties of the air around us will take on importance in 
your understandings of why planes fly. In order to understand the airfoil 
and Its role in flight, our next majoV topic, you'll be relying both on your 
knowledge of the atmosphere and on your knowledge of the physical 
princ/ples sketched out m our first chapter. 

WORDS WD PHR\sEK to RINU.MBPR 

fluids 

compr€?ssible 
pressuTe 

absolute pressure 
relative pressure 
density 



atmosphere 
air 

troposphere 
tropopause 
stratosphere 
ionosphere 



THINGS TO DO 

1 Review the AerKjifX4<t En^tnjnmmi textboiA Are there any imponant properties of 
the atmosphere which were not unercd in this chapter'' Report u> the class on your 
findings ' * 

2 Water, like air. is a fluid Experiment with different objects to see if they float 
Measure the amount <>( waier (fluid) they displace G*mpare the properties of air and 
water 

3 Ask a pilot lu explain why an aircraft requires a longer runway for iakc«.ifT on hoi days 
or when the runway elevation is high, as in Denver. Colorado 

4 Discuss the properties t>f the atmiispherc with ynur Lbcmisiry teacher Are there any 
experiments he ut she c^n suggest to demonstrate the a>mpuMhon ur properties of ihe 
atmosphac'' ^ 
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PROPERTIES OF THE ATMOSPHERE 
REV IEW 01 ESI IONS 

> 

t The body of air which surrottnds (he eartA Is called (he_ 



2. Th^ layers of Ihe timoiphere are called (he <.(he , and the 



X Defloe air. 

4. The most importan( ingredieo( in air for sustaining human life . 

5. The layer of the atmosphere where most aircraft fly is called the . - 

* 

6. What is the name of the border zone between the stratosphere and the tro- 
posphere? ' ' ' 

7. The stratosphere extends from ajipraximately to miles above 

the earth's surface. 

8. The layer that contains very few particles of air is called the jor'uie 



9. True or False. Air is matter and has weight. ^ ^ 

la Ain 

a. exerts pressure 

b. b a (tuld 

c. is compressible * 

d. all of the above 

U. Denne fluids. 

12. "Force per unit area** deHnes . i s 



13. Why didn't all of the mercury flow out of Torritclli's tube? How mDch stayed? 

14. True or False, When you check the air pressure in your tires you are measuring 
• the absolute pressure. 

15. When yon climb to higher altitude the air becomes (more/less) dense. 

16. Adding water vapor makes air (more.leM) dense and (heavier, lighter) in weight. 

17. If we keep pressure constant, decreasing the temperatifre of Mr (In* 
creases/decreases) Its density. 
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CHAPTER i« p«rt>apt the iTW6t:crHkal a«Sloo 
wft « Axpiaint exactly^ Mfiy aircraft can you will ex- 

amrne«wairfbi(andieamftspamarKlH9T0lelngan»r8tinalifL ■ 
Nex^ )ou wWI aae how airlkw and winc fnteract to produce lift. 
You WW Venturi tube and see how it, too, helpi to . 

explain tfft. FinaiV. you wilt kxiH 9t sweral ways thg lift c^ bi 
changed. After you h«^ ttudl^ tN« chapter . you 8(1^ 
to: Wdtaci«;thapart»(?rw:alHWfindtBlllK^ 
to create Hft; (2) (Xfferendate between preaaure diflbrential and . 
fmpatt lift; (3)*owhowllftcanbeyarf«j^ 
p#n» aa a witjjmd i»late the concept ot lift to wh9l y^ 
teamed In the ftfst two, chapb»ra about phy#al prindpiea and ^ 
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Now we arc getting into the real meat of this complicated business 
of aircraft flight. A batloon "flics" because the gas inside it is 
lighter tb>n air. A heavier than air aircraft must depend upon some- 
thing entirely different to sustain flight. "Heavier-than-air aircraft fly 
because, through the application of power to the resistance of air, air- 
foils create lift, and this lift sustains a given weight in flight." Remember 
thatstatement? We cited it back in the first chapter, when we were dis- 
cussing the physical laws that lie behind the science of flight. Since then, 
we have looked at some of the-physical properties of air that you must 
understand to begin to sec the toUl impaa of this statement. Now Jet's see 
howthcsc things tie together. 
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MRKOn.S 

The teroi airfoil will occur again and again in our discussion of 
aircraft flighifAn airfoil may be defined as any part of the aircraft that is 
designed to produce Hft. Although the wing is the primary airfoil on an 
aircraft, other airfoils may be the propeller blades, the tail surfaces, or, 
in som& cases the fuselage itself. 

\IRK)U DKSICN r 

In this definition, we point out that an airfoil is designed to produce 
lift. Pan of the Wright brothers' achievement was their realization that 
the scientific study of how an airfoil (a wing) behaves in a moving stream 
of air IS essential to determining whether or not the air(oil will sustain 
/light. They realized, in other words» that you have to experirtient with a 
wing first, before you build an entire aircraft. This realization, while not » 
new, is just as important today as it was then. 

The Wrights* wmd tunnej was simply a tunnel with a large fan at one 
end to blow air past a suspended section of wing. Moder^ wind tunnels • 
are much more complex, but they are made essentially the same way 

It \s important to note here that the air flowing past an aiTfpil sus 
pended in a wind tunnel behaves m the same way as the air flowing over 
an airfoil in flight. We ll discuss this wind flowing past in airfoil a little 
,^ later on, but remember that the air moving p^t the stationary airfotl is 
the same as the airfoil moving through the air. 
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An airfoil ha^ a leading eogc, a trailing edge, a chord, and camber, as 
shown in Figure 8, An und^standing of these terms is essential to an 
understanding of airfoil design, so we will discuss each term m 
dividually * ^ 

* Leading Ed^e , 

This IS the "front" of the airfoil, the portion thai meets the air first. 
The ihapc of the leading edge depends upon the function of the airfud 
If the airfoil is designed to operate at high speed with a minimum 
amount of lift. Its leading edge maj be vcr> sharp, as on most cuneni 
fighter aircraft. If the airfoil is designed to produce a greater amount of 
lift, at a relatively low rale of speed, as in a Cessna 150 or a Cherokee 
J 40, the leading edge may be thick and fat. Aaually,.ihe supersonic 
fighter aircraft and the light propeller driven airci^ are virtually two 
ends of a spectrum. Most other aircraft lie between these two. The lead- 
ing edges of their airfoils may have a compromise shape, designed tu 
provide a moderate amouilt of lift at relatively, high speeds. The A- 7 
Corsair is a good example. Bear in mmd, though, that the purpose of the 
airfoil will determine the characteristic shape of its leading edge. 

^ TrailiD^Edje » ' 

The tralHng edge, is the ^back" of the airfoil, the pomon at which the 
airflow over the Upper surface joins the airflow over the lower surface. 
The design of this portion of the airfoil iS just as important as the design 
of the leading edge. This is because the air flowing oyer the upper and 
lower surfaces of the airfoil must be directed to meet with as little tur 
bulente as possible, regardless of the positio/i of the airfoil in the air. 

Chord 

The chord of an airfoii is an imaginary straight line drawn through 
the airfoiffrom its leading edge lo^ils trailing edge UTien you look at ao 
airfoiU^ou can see its lea(^ing edge and its traiUng edge, but you can*t 
see us Lhord, because this line is inWinary . If it is an imaginary straight 
line, why, then, is it important? It isiqjdortant to an understanding of 
relative wind, our next major subject a&ai«Ki it is important to an 
understanding of our next definition, camber?*'*^**^ 
* , s 

K 

Camber 

The camber of an airfoil is the characteristic curve of its upper or 
lower surface This characteristic curve is measured by how much it 
departs ftom the chord (a straight line) of the airfoil A high-spccd, low 
lift airfoil, the type found on the F-4, has very little cambipr^TK low 
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speed, high-lift airfoil, like that on the Cessna 150, has a ver> pro- 
nounced camber. 

You may also encounter the terms upper earner and lower camber. 
Upper camber /efers* to the curve of the upper surface of the airfoil, 

Jl^hile lower camber refers to the curve of the lower surface of the airfoil, 
n the great majority of airfoils, upper and lower cambers differ from 
one another. When the curve is away from the chord, the camber is said 
to be positive When the curve is toward the chord, the camber is said to 
be negative. 

Once again we need to refer to Bernoulli's Principle. As the velocity 
of a fluid Increases, its pressure decreases. The camber of an airfoil 
causes an increase in velocity and a consequent decrease in pressure of 
the stream of air moving over ii. But more on that later, y 

RElAflVE WIND 

Have you ever held your flattened hand out of the window of a mov- 
ing automobile? When you held your hand level with the road, you were 
Sble to hold your hand there with very little effort. Because the car had 
to keep its' wheels on the road, the air flowing over your hand always i 
paralleled the road. An >|ircraft, howeveh, is not restricted to one fixed 
plane of flight But similkr to the case of the automobile, the air flows 
pafallel to the aircraft's path of flight. This flow of air is called the rela- 
tive wind. The relative wind is created by the movement of the aircraft^ 
through the air, thus the flight path and relative wind are parallel, but 
act in opposite directions (see Fig 9). 

If tha^^ere the only factor, flying would be very simple. Let's get 
back to your hand out of the moving car window. Picture your hand as 
an airfoii.with the chord line running from your fingertips to your wrist. 
When yo\i lowered or raised your fingers, your hand tried to climb or 
descend What you did. was^o change the angle of attack. Had your 




Figure 9 T?Se Relative Wind Is Always Parallel to the Flight Path. But from the Opposite 

I}irection 
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Figure 10. Angle of attack and Relative Wind. 

hand been an actual airfoil (you're the pilot), this change in angle of at- 
tack would probably have changed the flight path, therebj,ishanging the 
direction of the relative wind (see Fig 10). 

That's what the term relative wind means. It is the wind which is 
moving past the airfoil, and the direction of this wind is parallel to the 
flight path and relative to the attitude or position of the airfqil. Who 
conti^ols the position of the airfoil? The pilot, of course, consequently, 
the pilot contrbls the direction of the relative wind. What controls the 
velocity of the relative wind? The speed of the airfoil through the air, of 
course. The pilot controls this too. 

ANGLE OF ATTACK 

We mentioned the term angle of attack in our discussion of relative 
wind. From the example of your hand out a car window, you may have 
already decided that angle of attack is the angle at which relative wind 
meets the airfoil. But my hand has an unusual shape, what part of the 
airfoil forms the angle involved? 

Here's where we use the chord of the airfoil, that imaginary line wc 
drew from leading edge t^ trailing edge of the airfoil. To sharpen up ui^r 
definition, the angle pf attack is the angle formed by the chord of the 
airfoil and the direction of the rel^ivc wmd or between the chord line 
and the flight path. The angle of attick is not a constant during a flight, 
rather, it changes as the pilot changes the attitude of the aircraft. The 





Figure 1 1 How a Ventuf i Tube Works. Ntfte piCM Uie outside air pressure forces the 
mercur> up the center tube because the pressure in the throat is reduced 

angle of attack is une of the factors which determines the aircraft's rate 
of $pce(J through the air. . 

Don't confuse, angle of attack with angle of incidence. Tha angle of 
incidence is the angle at which the wing is fixed to the aircraft's fuselage, 
or body. Strictly speaking, the angle of incidence is the angle formed by 
our old friend the chord of the airfoil and the longitudinal axis of the 
aircraft. This longitudinal axis of the aircraft is an imaginary line drawn 
through the fuselage from the front of the aircraft to the rear bf the 
aircraft — but wc*ll have more on the axes of flight in a later section. 
Right now, the important thing to remember is that angle of attack is the 
angle formed between the chord of the wing and the relative wind, and 
this has a great deal to do with lift, our next major subject. 

Also do not confuse the aircraft attitude with Angle of attack. At- 
titude IS normally considered to be the aircraft position in relation to 
the horizon. A nosehigh attitude might mean the aircraft is climbing or 
it could be flying ^'straight and leveP* unaccelerating or it might even be 
descending in this attitude. As we progress through our explanation^ of 
lift* this will become "more clear. 

* Once again we need to review BernouUrs Principle and how it ap 
, plies to lift. Let's begin with tha diagram we showed you earlier of a 
Venturi tube (Fig 11), which illustrates Bernoulirs Principle. As the 
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velocity of a fluid increases, its pressure decreases, or tp put it another 
way. as the velocity of a fluid increases past an object, the less sidewise 
pressure the fluid exerts on the objea.' 

Imagine, now, that W remove the upper part of the Venturi tube. 
Figure \2 is what we get: 



R9urei2. 

N» Notice the'^ir flow, it continues to increase in velocity at the point of 
the bulge, which is really the point of maximum camber. 'Now, if we 
bring the other part of the Venturi back but put it underneath, we get 
Figure 13. 




Rgure 13 

This Iboks suspiciously like the section of an airfoil, doesn't it? Let's 
justthange a curve or two (we*re actually adjusting the camber), Figure 
14 is wh$t we get: 




Figure 14 

The changing of the curve is really a redesigning of the camber of the 
aiifoil WeVc taken advantage of Bernoulli's Principle, too. The 
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pressure generated b> the moving streanf) uf air un the lower surface of 
tfic airfoil is greater than the pressure generated b> the moving stream of 
air on the upper surface qf the airfoil. What will happen? The airfoil will 
be raised, or lifted, by this difference in pressure. This is lift. The airfoil 
is literally lifted by the difference in pressure, or pressure differential, 
between the upper and lower surfaces of the airfoil. This kind of lift is 
called pressure-differential lift. 

It may interest you to know, at this point, that lift can also be created 
by an airfoil without any camber at all. This lift, however, is completely 
different from the lift we have been talking about. It is caused by the 
pressure of impact air against the lower surface of the airfoil. 

A kite flyihg on a balmy spring day is an excellent example of an air- 
foil without c^bcr being sustained in flight by impact air against its 
lower surface. Similar to the airfoil in the wind tunnel it makes no 
difference to the kite whether it is moving forward through the air or the 
air is movmg past it. li simply goes on and hangs up there in the spring 
sky. If you have flown a kite, however, you know there's a difference. 
You know that when the wind is light, you have to run your legs off at 
times to get the kite airborne. 

The same kind of lift also helps hold the aircraft in the air. Think 
back to Newton's Third Law of Motion. For every action, there is an 
equal and opposite reaction. This law explains the second kind of lift, 
impact lifty which helps sustain aircraft in flight. / 

We've pointed out that air is a fluid. The passing of the airfoil 
' through the air is an aaion. We can expect, then, that the air will act upon 
the wing. This is the reaction. The lower surface of the wing meets the 
air at a slight angle (the angle of atuck, which we've already covered). 
The air flowing past the lower surface is deflected slightly. The wing ex- 
erts a force on the air in order to do thi&— while the air, meanwhile, ex- 
erts an equal and opposite force on the wing. This force oilhc air (the 
reaction force) causes lift. The amount of lift generated by this action- 
reaction process usually amounts to only about 15 percent of the total 
lifting force necessary to sustain aircraft flight. However, it can create a 
much greater percentage as was the case when you put your hand out the 
car window. \ 

Adding impact lift to pressure differential lift gives us total lift. 
Figure 15 will help us to visualitce this. 

Let's sum up. Think back to the opening paragraph of this chapter. 
Heavier than air aircraft fly because, through the application of power 
to the resistance of air, airfoils create lift, and this lift sustains a given 
weight in flight. Remember that capsule statement? We\e concentrated 
on how airfoils create lift in this section. How do airfoils create lift? 
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Figure 15 The Forces Making Up Total Lift. 



They make use of Bernoulli's Principle and Newton's Third Law of Mo 
tion. Airfoils move through the air, creating an interaction betwejen air 
and airfoils. This interaction takes the form of a difference in pressure 
between upper and lower surfaccs^of the airfoil, and the decreased 
pressure on the upper surface of the airfoil causes lift. Additional lift 
comes from the force of the impact air on the airfoil moving through the 
air. 

I in \ \Ai \IM ^s 

NoNv we know how lift is gcneratod. The next step is to tell you how 
lift 1^ controlled. The pilot must haJe at his disposal some way to con 
\ trol the amount of lift which the airfoils generate. If he didn't, the 

aircraft would cither constantly stall or climb. Here arc some of the 
variables acting on the amount of lift generated, angle of attack, velocity 
of relative wind (speed of the aircraft), air density, airfoil shape, wing 
area, airfoil planforms, and high-lift devices. Let's look at these, one at a 
time. 

Angle of Attack Again 

Looking first at angle of attack, remember that it is the angle formed 
by the chord of the airfoil arfU the direction of the relative wind. 
Remember that the angle of attack of an aircraft i^ not a constant during 
a given flight, rather, it is one of the things ov(;r which the pilot has con 
trol and which he can change. 
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Oianging tite angle of atjack can change th^ amount of lift generated 
as the airfoil moves through the air. Let's sec how this works. 

Airflow over an airfoil is normally smoo^, with no burbling or tur- 
bulenec. Burblingjmrcaks the flow of air, causing a loss of lift. In the casj? 
of an airfGil^i*4fn a flat or apprcmmatcly flat undersurface, when the 
towcrstirfScc is parallel to the relative wind, there is no impact pressure 
on the lower surface. The whole lift force, then, comes from reduced 
pressure along the upper surface (pressure differential lift). When the 
wing is tfppcd up so that Ihe lower surface makes an angle of 5 degrees 
with the relative wind, the inipact pr^ure on the under surface con- 
tributes about 25 percent of the total lift. When it is tipped up to lO 
degrees, the impact^pcessure on the lower surface produces about 30 
percent of the total lift. ^ , 

A sm§ll force acts on each tiny po/tion of the wing. This force is 
different in magnitude, (size) and direction from the force acting on 
other small areas of the surface wh^ch are farther forward pr rearward. It 
is possiljle to add tnathematicall^r all of these small forces, taking into 
account their magrfitude, direction, and location. The sum of all the tiny 
forces over the surface of the wing is cajlcd the resultant, since it results 




^'Q^^^ SllraightafKli^veK ' ' .Rgur* 17 ^Uw Angte oi Attack. 

^v^^r^^ "f^^f *^ y%}^^'j%' ^viili/.i^nr^ Uxijh i^h^i tUr.^ih 





' Figure 1 8. Ap^)fVa<iJ^}f^g Stall 
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from adding all tfic forces together. This resultant has magnitude, dircc 
tion, and location. The point of intersection of the resultant with the 
chord 6f the wing is,called the center of pressure (CI?). 

Figure 16 shows the four forces acting on an aircraft in straight and 
level iHiaccclerated flight in balance. Let's see what happens when the 
pilot increases the angle of attack of the wing. Figure 1 7 rfiows the wing 
at a low angle of attack. The center of pressure ^/P) is in about the 
same place as in Figure 16 The resultant is upward and back from the 
vertioalTInd we can assume that the aircraft will climb. Notice Figure 
18 now. The angle of attack of the wing is greater. The center of 
pressure has mo^^ed forward, and the resultant is somewhat larger, 
which means' that the aircraft will climb more quickly. , 

ji^e angle at \^ch lift stops increasing and begins to decrease is 
called the burble point. You may also find this angle called the stalling 
angle or the angle of ma:qmuni lift. VJlien the angle of attack is in- 
creased beyond the burble point, the resultant decreasetm magnitude 
and its angle back from the vertical becomes bigger (see Figure 19). 

Note that at/ the various angles just described, the direction of the 
resultant Has had an upward and backward direction. If, then, it is 
broken up into components or parts, the vertical component will be up- 
ward, and the horizontal component will be backward. You can see 
now that lift is the component of the resultant force, which is perpen- 
dicular to the chord of the airfoil. It should also be noted that as the 
angle of attack inacascsi the center of pressure moves forward, when the 
angle of attack decreases, the center of pressure moves backward. 

Now let's see what the pilot can do with angle of attick. As the angle 
of, attack is increased, more and more lift is generated] This increase in 
amount of lift continues up to a certain angle of attack (the burble point, 
mentioned above) which depends on the type of wing design. Most 
aircraft wings have a burble point of somewhere between 15 and 20 
degrees, but, again, this is built into the aircraft. What happens when the 
aircraft reafchcs this high angle of attack? The ai^ no longer flows 
smoothly over the top surface of the airfoil. Instead, breaks away from 
the Surface and forms violent eddies. This is called bi irbling. ^Tien bur 
blihg is taking place on a surface, there can be no ( ecreasc in pressure 
below atmospheric pressure. Wliy not. Th<^turbulenx of the air doesn't 
allow for a smooth increase in air velocity which produces the reduced 
pressure. Hence, there can be no lift. From, this pcint on, then, as the 
angle of attack is increased, the amount of lift generated is decreased. 
The pilot, then, docs well to know exactly the maximum angle of attack 
in^vhich his aircraft can be placed to prevent loss of lift! 
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The point ai which the amount of lift generated is no longer sufficient 
to support the aircraft in the air is called thg stalling point, and the 
maneuver in which the pilot does this is called the stall. If you should 
hear of a pilot who stalled his aircraft, yOu will know that he's refemng 
to something he did with the lifting surfaces, rather than something m 
volving his engine! The^ stall is a useful maneuver, however. ^Tien an 
' aircraft lands, the pilot often'deliberatcly stalls it. How docs he do this? 
He simply gradually increases the angle of attack until the aircraft no 
longer has any lifting forces. Meanwhile, ttje aircraft is going for 
ward — and when all goes well, the airfoils stall just as the aircraft hits 
the runway. 

Anoiber Lift ViHat)ie--Vclocity of Rcltlivc Wind 

Qianges in angle of attack, then, can increase or decrease the amount 
of lift generated. The velocity of the airfoil through the air is another im^ 
porlant factor m determining the amount of lift generated. Let's sec bow 
this works. 

If an airfoil is made to travel faster through the air, a greater pressure 
difference between the lower and upper surfaces of the airfoil results. 
The impact pressure on the lowet surface is greater, and the decrease in 
pressure on the upper surface is also greater. So, as ll^ speed increases, 
the lift increases, within practical limitations, of courae. This increase in 
lift, though, is not a direaly proportional increase (tnat is, there isn't a 
one-for-one gam of lift f«fr velocity). Actually, the lift increases as the 
square of the velocity. 

For example, an aircraft travehng 100 mph has four times as much 
lift as the same aircraft traveling at 50 mph., became the square of 100 
(100x100 - 10,000)isfour times the square of 50 (50x50 = 2,500). 
This increase assumes, of course, that the angle of attack staysihc same. 

You probably have been water skiing or have watched %uncone 
water ski at one time or another. Yo|i may have noticed that a larger 
engine is needed to get a larger skier up on his skis m the water. It's the 
same principle there as here jthe faster the skiS are pulled over the 
water, the greater the weight tlfcy can support: 

Air. Density and Lift 

Air density is another variable factor which can influence lift. In 
chapter 2 wc discussed air density and how it varies with altitude. Wc 
pointed out that ^ density is important in flight Hcrc*s why. 

The first thing wc should note is that lift vanes directly with density 
For instance, at 1 8,000 Tcct, where the density is about half that /{ sea 
level, an aircraft will need to travel 1.414 times as fast as it woul/at sea 
level to maintain altitude. The figure 1.414 is the square root /f 2 Wc 
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said in the last section that lift varies as the square of the speed. It' 
follows, then, if something reduces the lift by half, we have to increase 
the speed so that the square of the new velocity is twice the square of the 
original velocity. If th^ original velocity is Vo and the new velocity is 
Vn, then Vn^ must equal 2Vo*. This is simply a mathematical statement 
of the velocity-density relationship. 

For example, assume that V6 is 50 mpb. Then Vn myst be 70.7 
mph (50x1.414 = 70.700). The square of 50 is 2,500, and the square 
of 70 7 is 4,998.5, or about 5,000, which is twice as much. In chapter 2 
of this unit, we pointed out that air density is decreased not only by 
altitude but also by an increase in temperature and^ by an increase in 
humidity It is important/to bear this in mind, because even at sea level, 
tfie aircr^ must faste/ to stay in the air on a warrti humid day than on 
3 dry and cool dpy. / ^ ' ' 

^AirfqU Shape ms • V»rUb||( 

In the section on camber, we stated that t^e^ 
fixed Strictly spcakint,'this isn^t quite true. jUri 
greater the Camber, iht greater the lift. Hence, it 
portant, once an airfoil , has been designed, to pr 
curve the designers build into the airfoiL Otliei 
perform as it shquld /Dents, mud, and ice are 
can spoil the built-iA shape of the airfoil an4 
perfbrmance of the Wire aircraft. j 
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Wing Area and Lift 

When we discVis^d lift, we pointed out 
between the upper' and the lower surfacei o^ 
source of lift in most aircraft. It is intere^ti 
the wing area affect, the ,eflFcctive lifting for<j'( 

If the pressure diffierential is only I'li ouries per square inch (a veryl 
small amount of differencial pressure), thii pressure differential wilj 
pi'odtice a lifting force of more than 20 pdunds per square foot (14 
square inches/square foot X 2'/2 ouncesAquare inch). In general, the 
greater the surface area of the wing, the greater the amount of lift thai 
will be generated, within practical limitations if the proportions of the 
\ying and the airfoil section stay the same 

^ . GI,id^rs or sailplanes arc vcr^ gbod example^ of how a large wing sur 
face generates lift Advances in technology arc maki^ng possible lift po 

. tcntials which would have staggered the Wright brothers Lighter, 
stronger materials are being developed, so that tod iy s aircraft can be 
built to withstand trfimendous strains and yet not b: heavy. 
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Althou^ it is not something the pilot can control, wing area cer- 
tainly does vary from aircraft to.aircraft, and more importantly, wing 
area differences provide great variations in the amount of lift generated 

Planforro of tn Airfoil 

We've been looking, for thi most part, at airfoifsections— side views 
of airfoil&-*-in our discussion of lift. Another way to look at an aircraft 
wing IS from the top. This is called the planform of the wing. The plan- 
form IS simply the shape of the wing as seen from directly above or 
below. We'll have more to say later on planforms, but you should note 
here that the planform of the wing provides us another way to measure 
the efficiency of the lifting force. v / 

Aspect ratio is a statement of the relationship between the length and 
the width of a wing. It can be computed by dividing the span (the dis- 
tance ft-om wing ^ip to wiog tip) by the average chord (distance from 
leading edge to trailing cdge)/of the wing. In the case of Upered wings, it 
IS sometimes difficult to find/average chord It is usually simpler to com 
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Rgufo 20 Aspect Ratio Varies with mo Pianform o< an Airioil 
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Rgure 21 Gliders Have Very High Aspect Ritkji^Doe to Their Ijooq Narrow Wings. 

putc aspect ratio (AR) by squaring the span and dividing ihisbj the total 
wing area. Referring to Figure 20, we note that with the small square- 
winged aircraft, AR can easily be computed usmg either .average chord 
length or the wing arca^ but in the large aircraft wing area is much 
simpler to use. 

In general, the higher the asfxxt ratio, the more efficient the wing. A 
long narrow wing ivHl create jnuch better Utl per ttjuare foot of area 
than a short wide wing Some glijftirs have an aspca ratio as high as 20 
(see Fig i>)' The longer the wihg, jthen, in proportion to its width, the 
more efficient the lifting fojcpe it will generate. Wliy is this so? The wing 
tip is the Idast cffident portion of the wing, because the air under the 
wing, whicft is at atmospheric pressure, or even rtgher. rolls over thd 
wing tip info the low pressure area above the upper surface uf the wmg. 
This air then causes a s>virl. or vqrtgx, at the tip of the wing and 
decreases the amount of smooth air flow which create^ lift. So, a long 
narrow wing is more efficient than a short. wide wing. We II sec more 
about aspect ratio a bit later on in this unit when we discuss drag. 

Fhip*, Slotf, and Spollcf*^ ' ^^^^ 

These three devices also affect the gcnerauon of lift. Let*s look at 
them, one at a time, and sec how they fit in. \ 
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First, we'll look at flaps. We have said that by increasing the camber 
of a wing, the lift will be increased. We pointed out that the camber of 
an airfoil is designed in and bu^ in, and also that this characteristic 
curve IS fixed. Well, we're going to hedge a bit now. By using a device 
called a jhap, the pilot of an aircraft can increase the camber of a wing 
while he is in flight. A flap is a movable control surface which is, in 
effect, a turning down of the trailing edge of ^ wing. If the pilot increases 
the^camber of the wing of his aircraft, he can decrease hjs airspeed w ilh 
ou| losing altitude. Flaps are primarily used during takeoff and landing! 
Tbc> give added lift at low airspeeds and provide better aircraft stability 
for these critical phzstk of flight. 

Slots, too, can affeqt lift by changing camber. Slots are either mov 
able or fixed sections c(f the leading edge of an mrfoil. They are installed 
on an airfpil to help control the airflow over \xi upper surface. We men 
tioned earlier th§t burl^ling of the flow, of air is caused by eddies v^ver th$ 
top surface of the wing. The slots on an aircrj^ reduce or eliminate buf 
bl ng. The burble poirt, you'll remember, is ihe point at which the flow 
of air begins te breaA up into currents and eddies. Since we already 
kr ow that the burble [ oint is reached at relatively high angles of attack, 
itnatiu^Ily follows thlt if we can anything to smooth the flow ot air, 
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the airfjil will allow a higher angle of attack before stalling. Changing 
the characteristic shape of the leading edge of the airfoil by opening the 
slots and allowing a smoother flow of air across the upper surface uf the 
airfoil diminishes both burbling and the airfoiPs stalling characteristics 
(sec Fig 22). 

Spoilers are small surfaces, recessed into the upp6r surface of the air- 
foil. The name just about tells you what they do. when they are raised, 
they "spoir* the smooth flow of the air over the airfoil and, thus, reduce 
the amount of lift generated (stQpig 23). You might also say that the 
spoilers change the upper camber of the airfoil and thereby reduce the 
amount of lift getieratcd. / 

Flaps and slots, then, serve to increase camber and thus increase lift. 
Spoilers serve to decrease camber and thus decrease lift. 

Let*s sum up again, this time reviewing where we\e been and point- 
ing out where we*re going from here. Lift is generated by the interaction 
of air and airfoils. Bemoulli*s Principle and Newton*s Third Law of 
Motion help explain how the lifting force is generated. Although airfoils 
are specifically designed to generate lift, the amount of lift generated can 
be varied by the pilot in flight, by the characteristics of the air through 
which the aircraft is passing, and by built in flexibilities in the airfoil it- 
self. Now, weVe going to move on to a brief look at the other forces 
affecting an aircraft in flight, thrust", drag, and weight, with some glance$ 
back at lift. WeMl then know better what holds the aircraft in the air. 
Once we have it up there, we'll look at how it behaves. 

WORDS AND PHr/sES TO REMEMBER 



airfoil ^ 


/ impact lift 


leading edge 


resultant 


trailing edge 


^ center of pressure 
burble point 


chord 


, camber 


1 burbling 


^ upper camber 


7 stalling point 


lower camber 


/ stalf . 


relative wind 


/ planform 


angle of attack 


/ aspect ratio j 
span 


angle of incidence 


attitude 


flap ^ 


lift 


slots 


pressure-differential lift 


spoilers 
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UUN(,S TO DO 

1 Tipc one end of a piece of paper flat to the other end st> that it luuks like an airfuil 
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from the side f^Jt a pencil along the mside of the leading edge. Hold the leading 
edge below your lower lip and blow. Expltin what happens. 
2. Have a kite or paper airplane fl>ing contest. Sec who can fl> his kite the highest or 
have a papec airplane sta> airborne for the longest umc Discus ihe^liiTcreni kmd& 
of lift involved 

3 Talk to a racing car driver. Report back tu the class on why racing cars use airfuils 
yOn the back 

4. Build a wind tunnel. (Your instruaor hts the plans). d 

5. If you are close to an Air Force facility that has a wind tunnel (such as Arnold 
Engineering Center in Tullahoma. Tennessee), go visit it. 

6 ' Do some research to find out iibuut different kinds uf Haps, slots, or spoilers. 

7 Discuss why some aircraft re<^^re longer runways thiin others 

8 When riding in a car with n0 obstruaions or trees along the road, perform the ex-" 
periment we discussed of putting your hand out of the window. 

SlC;GESYl(ils FOR Fl R THFR RF VDING 



Bernardo^ James V. A\'iation ui Ihr Modem World. New York EP Dijtton and Co , 

1960. M ] ' 

Federal Aviation Adminittrati<irt. Private PihVs Handbook uf Aervn^iial Knowledge 

Washington: US Government? Printing Office. 1^65 (AC 61-23). 1 
Kershner. Wiluam K. The Student Pilot's Flight Manual 4th cd. Ames. Idwa Iowa State 

University Press. 1973. j 
MvKiNLE\. James L. and Ralph D Bent, Basu Saeneof Aerospace iehules, 4th cd New 

York- McGraw-Hill Book Company. 1972 
TOWER« Merrill E. Basic Aeronautics, Fallbrook Cal Aero Publishers. Inc . 1965 
US Air Force AFM 5 1 ^1. instrument flymg. Washington. Department of the Air Force. 

1971 ^ 
Van Sickle. lylAJoR General Neil D Modern Amnanslup. 3rd cd Princeton. New 

Jersey D Van Nostrand Co,. Inc.. 1966. 

^ REVIEW QICESTIONS 

1. A part of an aircraft th«t Is desif^ed to produce lift is called a/an . 

2. True or False, x/il stir6iccs, ^pcller blades, and fuselages are i^t con* 
sidered to be airfoils. 



X* True or False. Air flowing pajU an airfoil suspended)fn a wind iuntjll 
in the same way as air flowing 6ver an airfoil in flight. 



behaves 



4. Name four mj^or parts of in airfoil. 

5. A thick and fat leading edge would produce (more/less) lift at low speeds 
than a sharp one. 

«■ 

6. The portion of the airfoil where the upper ^urfa^e airflow rejoins the lower 
surface airflow Is called the 

1 ^ 

7. Ah imaginary straight line drawn through the airfoil ^om Its leading edge to 
its trailing edge is called the . 
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8. Define camber. 

9« The is created by the mdtion ottht aircr«fr thr6ugh the 

air and is parallel to the flight path. ' ^ 

'V 

10. True or False. The an^Ie of attack remains constant in flight. ' 

U. The aircraft position in relation to the horiron is called the: 
a. relative wind *v 
angle of incidence 

c. angle of attack . ^ ^ ^ 

•f d. attitude 

12. Define lift. 

13. The pressure of moving air a^inst the lower surfjjce of an airfoil causes 
(pressure differential/Impact) lift. 

14. Pressure differential lift plus impact lift gives 



15. True or False. The pilot must be able to control the amount of lift generated 
by the airfoils. 

16. Which of the following affects the amount of lift generated? , « 

a. airfoil shape 

b. relative wind speed 

c. angle of attack 

d. all of the above 

IT As the airfoil moves through the air, changing the angle of attack can change 
the amount of . 

18, A resultant ha«i - , , 



19. Define ce/ter of pressure. 

20. The aiy^e at which lift stops increasing and ^nrts decreasing Is called the: 

a. buKDic point / 

b. stalling angle ^ ^ 

c. aDgle of maximui^ lift 

d. mi of the above ( / 

21. When the angle of attack increases the center of pressure moves (for* 
ward /backward). 

22. What happens to the amount of lift generated as the angle of attack Is In- 
creased past the stalling angle? 

23. The point at which the amount 6f lift generated is no longer enough to sup* 
port the aircraft in the air is called the 
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24. Lift varies (direct ly/in^rectly) with density. 

25. The greater the camber the (greater/less) the lift. 

26. For the most part, ^he greater the wing area, the (greater/less) the lih. 

27. The shape of the wing arf seen from above or below Is the . 

28. Define aspect ratio. 

,29. True or False. In genermi, the lower the aspect ratio, the more eYficient the 
wing.^ 

30. Match the lift-derice to its position.on the^wing: 

«. flaps ^ 1. upper surface ^ 

b. slots 2. trmlling edge > 

c. spditers 3. leading edge 
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Chapter 
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Weight, Thrust, 
and Drag 



'WIS GHAPTm explain* the,other three forces ^ng on an 
alroaft In ^algfit and tevel,unacce|eratecl flight. Essentially, the 

weight, thrust, and drag. Vol will-, 

how these fi^ctor* Influeitce aircraft design and |»»&nce. 
Aftdr you have studfedthrschapter. you should be ableto; mdis- 
S?!!5f "^^P* ^ aircraft In the air; 

^i^^i ^ Newton* Third accounts, for thrust} (3X 
- differentiate between frtduceddraftand MrijSte drag; (4) explain 
how designers reduce turbulont flow dF£g;^ <fefine supercrltl. 
cahjrtng; arid (6) show howrthe four for^ojiiate to helicopter 

flight, J ..'Tj '/ y,^ O;- ^ 



T N THE FIRST CHAPTER, wc stated that four forces in balance 
J. maintain an aircraft in straight and level unaccelerated flight. These 
four forces, we said, are lift, weight, thrust, and drag. We've j^ust looked 
at lift in some detail; now -we'll examine tfie other three forccsT" 

WEfOHT \ 

Since weight opposes lift, we'll start here. Gravity is the force which 
pulls the aircraft toward the center of the earth. The pull of gravity is 
responsible for the total weight of the aircraft and its contents. For our 
purposes we will consider weight to be constant within the atmosphere. 
You should realize, though, that gravity is not always equal. For exam- 
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pie, you would weigh slightly less on a high mountain peak than you 
would at sea level. • 

The point at which the total weight of the aiFcraft and its contents ap / 
pear to be centered or cetfcentrated is called thexenter of gravity. On a 
model airplane you c6n find the center of gravity b> suspending it using 
a thread. When it*s level, the thread will be in line with the center of 
gravity. What would happen to the center of gravity if all the passengers 
on an airliner suddenly decided to meet at the rear of the aircraft? You 
can sec that the center o^ gravity can be changed (even in flight) and is^a 
important to the pilot— more on this later. All in all, weight is not too 
complicated, but the next force is a bit more complex. 

IHRISI 

Thrust IS the force which drives the aircraft forward. A formal defini 
tion of thrust might read somethirig^ike this. Virust is aforu imparted to 
move a body in a desired direction. It is obtained by the appliuition of an 
equivalent force applied in a direction direaly opposed to tht desired dire^ 
tion of motion, If this hefty mouthful sounds like something you've read 
already in this unit, it*s no accident. Do y(xii remember Newton's Third 
Law of Motion? Here it is again. "For eve^ action, there is an equal 
and opposite reaction.** How does this statement explain thrust? 

The two types of aircraft propulsion syst^ems^in general use today, 
reciprocating engines and jet engines,\both operate <in this principle to 
create thrust. The unit on propulsion systems for aircraft will cover the 
operatioh of these systems in some detail, our purppse here is simply to 
point out that the principle behind these two systemi is exactly the same. 
They are both reaction engines. This simply meahs that they both de- 
pend upon Newton's Third Law of Mo ion to produce thrust. Let's see 
how this works. 

In a reciprocating engine, an explosion inside the cylinder(s) causes 
an action. Tkis action is transmitted, ultimately, to the propellcr(s). The 
action of the propeller(s) then propels a mass of air to the rear. In so 
doing, the aircraft is propelled forwar^. At this point do not concern 
yourself with how a propeller operates since this will be discussed in 
Propulsion Systems for Aircraft. 

The operation of a jet engine is even simpler. Compressed air is' 
mixed with vaporized fuel and ignited. The hot burning gases then are 
exhausted from the rear of the combustion ^h^mbcr, producing an equal 
and opposite reaction on the interior walls of the combustion chamber 
which moves the aircraft forward. The "equal and opposite reaction," 
then, is thrust. 

The essential difference, for our purposes, between reciprocating 
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engines and jet engines is the action of the burning gases. In a 
reciprocating engine, these burning gases drive a complex system which, 
through the turning of a propeller, results m the movement of a mass of 
air opposite to the direction of desired travel. In a jet engine, the burn- 
ing gases act rather more directly to produce the equal and opposite 
reaction which propels the aircraft. In both engmes, thrust is the result. 



Drag is the force which opposes thrust. It is caused, purely and 
simply, by the resistance of air. Air, you will remember, is a fluid and 
has mass When you stick your hand out of the window of a moving 
automobile, you do several things. First, you may violate the law m 
some sections of the country — in addition to possibly getting your hand 
clipped off by a ffeel Secondly, you experience (or feel) the relative wind 
created by the car*s forward movement. Remember the relative winrf? It 
' ^s the wind moving past an object — and the object, in this case, is the 
ycar Your hand, in effect, becomes an extension of the car in experienc- 
ing the relative wind* Third, you may possibly create lift. If you arch 
your hand slightly (youVe really giving it some caihber, your hand may 
tend to rise If you place your hand at a slight angid to the relative wind, 
the impact air will cause your hand to rise. But fourth and for sur0, you 
will encounter air resistance and experience drus- (This drag will tend, 
, then, tQ^I^ your hand backwards. ' 

Aircraft in flight encounter the same force as your hand, but aircraft 
arc designed to fly, gather than to do all the things that your hand can 
do Aeronautical engineers realize that drag, like the other forces acting 
« on an aircraft in fligh't, is made up of a number of components. One way 
to look at the total drag is to divide it up into two fairly broad divisions, | 
induced drag and parasite drag. Let*s look at these two, one at a time, j 
I Induced drag is an unavoidable result of liffT It is caused by the 

change in direction of the airflow. As the aircraft speeds forward 
through the air. the air which creates the lifting force creates a retarding 
force Here's how it works. Air from the higher pressure area below the. 
wings tends to move into the lower pressure area above the wings both at 
the wing tips and-at the trailing edges (sec Fig 24). 

Air flowing over and under the wing creates different pressure 
differentials at different points on the wjng. An aircraft wing is usually 
thicker at its root (where it is attached the body of the aircraft) than at 
Its tip This means that the press^^re differential caused by the relative 
wind is greatest at the roin, gradually decreasing ahjng the length <;f the 
wing and least at the tip This means that the air mc^lcculcs at the ro(;t^of ' 
the wing have a greater amount pf kmctic (motion) energy than the'air 
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Figur©1?4. The higtier Pressure Ait Under the V\^n^ S©e«» Fk?w to the LOwei Pressure 
' * » ' * " , Af e,a Above 

muleci^es at the tif) of the wingi^This means t^t-^ir moIccjUle kinetjt 
energy gradually decreases^frum the ^v^ng ri)vl lu the wing tip, .What's 
the ^ffefftof all this"* A pressure vtave is created aliing i^ie surface of the- 
wing, forcing the air molecules at the ijp of the wing to |)c^pushed ofif. «is 
nature tries to equalize pressure. - • ' 
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the wing lips see Fig tsj 
motion of'ihe. aircraft by 
. wing tips due to the turt 

Induced diag, then, < 
' get lift! we cai \ do npthir 
the pilot 6f th \ aircraft c^ 
ducedj^rag g( nerated. 
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The violen interacdori (if these two pressure muvements anil the for- 
ward motion \>l the ai^cijafi result in trailmg yprtices or whirlpools at 
khese tip vortices tend to retard the forward- 
psorbing energy. Also. lift, is reduced at the 
ent airflow. 

aes from lift. Does this mean that m order to 
kbout drag? Not at all. Both the designer and 
ijexercise some control over the amount of in- 
te's how. 

, . ^ y Jihe wing affected b> the wing tip vortices, the 

designjeij can {-educe in(laced drag. Ac has twq ways to do this If the 
wing is longed or if it is narrower, the percentage of the wing area will be 
reducid Does this souM familiar? Remember aspect ratio^ It's the rela- 
tionshht between the span (length) of a wing and its average chord If 
other 'tilings remain constant lengthening the wing or reducing the 
averagd chord increases the aspect ratio, which reduces induced drag 
What can the .pilot do aboOt this kmd of-drag? He can change his 
angle of attack. Angle of attack. >ou will recall, is the angle at which the 
relative wind meets t^e airfoil Just as increasing the angle of attack in- 
creases the amount of lift generated, decr-easing the angle of attack 
decreases the amount^of lift generated Induced drag works exactly the 
same way An increase in angle of attack increases the amount of in^ 
duced'drag: and a decrease in angle of attack decreases the an^ount of 
induced drag, all other factors remaining eq'UaU . Nr^^ 

Let's move on to parasite drag Parasite drag includes all drag com^ 
poncnts except those causing induced drag Skin friction and turbulent, 
flow' are two of the components of parasite drag Skin frictign drag is " 
caused b> the friction between the outer surfaces of the aircraft and the 
air through which it moves Turbulent flow drag is caused by whatever 
interferes with the streamline flow of air abi>ut the aircraft We'll have to 
go a bit deeper to examine what causes skin friction drag and turbulent 
flow drag, we'll look at boundary layer air 

l^undary layer air is a layer of air very close to the surface of a mov- 
ing airfoil It IS caused b> the frictton between (he wing and the air. In 
this layer of air. only a few t>iousan«lths of an mth thick, impact pressure 
*5 reduced because of the air's viioSity This simply means that this 
Microscopically small layer of air resists the tendency to flow WTiat 
^ppens*^ The air particles which arc flowing smoothly at the leading 
fgeof the airfoil gradually Row witn mi>re <{nd m^.re turbulence as they 
proach the trailing edge of the airfoil * 
\ Aiow is boundary layer air related to skin friction drag^ We've 
kafthcd that turbulence can cause drag 'The more turbulent the K)und- 
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ary layer air, then, the; more skm fricUun drag wAlJ^)^ created Why 
Because tbc already turbulent boundary la:ier air wi\l be passing over a 
surface which is rough— and this ruughn^fs will cause additional tur- 
bulence, Skm friction drag is difficult to reduce, but keeping the aKcraft 
clean and well {x>lished helps. Removing surface irregularities, such as 
those caused by protruding rivet heads, also makes the surface smoother 
and, hence, less likely to generate additional turbulence m the boundary 
layer air. 

What about turbulent flow drag^ We've alread> stated that it is the 
drag whiifh is caused by anything which interferes with the streamline 
flow of ail about the aircraft What causes this kind of drag ' It is caused 
by our old friend turbulence, which creates low pressure areas which 
tend to retard the forward motion of the aircraft This turbulence forms 
eddies, or burble^, which are simply descriptive names for the motion of 
the air m these areas of lowered pressure | 

How can turbulent flow drag be reduced"* Aeronautical engineers 
have discovered that the best way to reduce it is to streamline the 
aircraft This simply means thai designs fur an aircraft (andjor specific 
portions of an aircraft) approach the shape of a teardrop T|he reasoa'^ 
This particular shape is the best adapted to flowing through the air Tak 
ingjheir clue from nature, then, aeronautical engineers have realized 
'that this particular shape encounters the leas^ resistance to the air 
because it best disposes of the turbulence around it Hence, they design 
exposed aircraft parts in as close an approximation of the teardrop as 
possible See Figure 26 

Not all partsvf an aircraft can be given this particular shape, though 
What then? The engineers enclose the particular part m a cover wfnch 
has a stxeamlined shape This auxiliary structure, called a fairing, 
reduces the amount of turbulent flow drag generated by the bart to 
which It IS fltted Some of these fairings are not complete c<wei|s, they 
may only fill out a portion of tbe aircraft in order to make it more 
streamlined. . , 

Let s try to pull these aspects of drag together The two primafy com- 
ponents of aircraft drag are induced drag and parasite drag Both typqs 
of drag are 3 result of air turbulence induced drag i$ the result of air tur- 
bulence associated with lifting surfaces, parasite drag is the result of air 
turbulence asst)Ciated with nonliftmg surfaces Both pilot and designer 
have some control over the amount of drag generated by the aircraft, but 
drag is as much a consequence of flight as lift Let's briefly'^U^ok at the 
latest development in aerodynamics which very' clearly shows the im 
portant relationship between drag and lift 

50 

b? 




WEIGHT. THRUST. AND DRAG 




Figure 26 Turbutent Flow and Streamlined Fk>w 



If you've watched any science fiction movies. yoQ know that some- 
times things happen just the opposite uf the way they're supposed to hap- 
pen The supercritical wing is something like that It seems to violate 
some of the principles weVe been discusskig 

First, lei's extend bur discussion of boundary layer As the air flows 
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oVer the airfoil, it lends to separate, creating turbulence and drag. The 
farther forward j>n the Jiirfoil it separates, the more drag there is created. 
As an^aircraft approaches the speed of sound, shock waves are ^ho 
formed (See Fit t7). 

Scientists h^ found that they can reduce the boundary layer separa- 
tion and shock wave for high speed aircraft in the transonic speed rartge 
(where speed is sometimes subsonic and sometimes supersonic). The> 
do it by putting the camber on the bottom of the wing and having a 
nearly flat upper surface. This new design, cailled the supercriticar 
wing, overcohies man> of the problems encountered when fl>ing at 
these critical xansition speeds (see Fig 28). « 




Figure 28 Supercritical Wing. The Boundary Layer Separation and ShccK Wave f ffec^ 
Are F^Bduced by Moving Them Farther Back on the Wing 

By now you may be wondering how the aircraft stays airborre 
because the wing doesn't create an> lift according to Bernoulli's Princi 
pie You're right, the lift comes from impact lift which means the 
aircraft must maintain higher speeds or it will stall 

With this wing, an aircraft could operate approxirpately 15 percent 
more efficiently , meaning that an aircraft equipped with a supercritical 
wing could go farther and faster with the same engines and weight. This 
proves that an understanding of the forces of flight is important to both 
the designer and the pilot. ^ 

Let's look (pc more place to insure our understanding of the forces 
of flight Shifung from the transonic speed range, we'll sec how the four 
forces affect ^elicoptcf aerodynamics 

MM M oriFKv 

Up t^^bw, no discussion has beeo made of the forces involved in 
hchcopfcr flight. There was really no reason to, since the samc.laws of 
acrodynantics apply to both .helicopter and aircraft flight. Lift coun- 
teracts weight and thrust overcomes drag resulting in flight in the 
desired direction. ^ 

The unique thing about a helicopter Is that it docs not just fly straight 
up and down or'rcmam stationary, a also can fly in any directum As if 
this weren't enough, it can fly any direction regardless the direction 
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Figure 29 Hovenng Lift Equals yVeight and Thrust equals Drag 



the helicopter is headed, fof example, it can be headed north and be fly- 
ing south or headed east and flying north. 

In order to best understand helicopter flight, let's first examine what 
happens when a helicopter hovers Because there is no forward, rear- 
ward, upward, or downward movement, the four forces are in balance 
Drag and weight operate parallel to and opposite of lift and thrust (see 
Fig 29) If we decide to climb, we tnerely increase thrust which increases 
lift overcoming h6th weight and drag. 




IBOKT 



Figure 30 Sicteward Flight, The Vertical Component of Lift Equals Weight, Wh«le the 
Sideways Compc#>ent of Lift*(Thrust) Exceeds Drag 
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Assumc.now that the pilot \vants to go to the right. He moves his con- 
trol to the right causing the rotor to up toward the desired direction of 
flight. Now thrust and lift are no longer parallel Thrust is moving the 
^^^JlS^icopter to the side overcoming drag, while efTet^tive lift is operating 
in a vertical direction overcoming weight (see Fig 30) 

By changing the till of the rotor, the pilot can fly in any Jesired 
horizontal direction (seeiFig 31 ). Thrust always acts in the direction of 
flight, drag always acts in the opposite direction. Lift and weight always 
* act in the vertical direction. 

. How does all this add up'' In straight and level, unaccelcrated flight, 
lift equals weight and thrust equals drag. If'^ift exceeds weight, the 
helicopter will climb, if lift is less than weight, it will.descend If thrust 
exceeds drag, the helicopter will speed up and if thrust is less than drag it 
will slow down. ; 

We will ngt discuss helicopters again until the unit on propulsion , 
systems However, you should remember that the aerodynamic princi 
pies applying to the aircraft also apply to helia)piers 

In summary, lift, weight, thrust, and drag are the four forces which 
act upon any aircraft in flight Each of these forces has an explainable 
cause, and each one (except gravity ) can be controlled to a certain extent 
by the men who design and build aircraft and by the men who fly them 
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When these four forces are in balance with one another, the aircraft flies 
straight and level at a constant speed. , 

Aircraft don't always fly straight and level, you may say; aircr^ 
climb; they descend, they take off, they land, they fly upsidcdown; th^ 
roll; and 'so forth Precisely. Aircraft fly in a three-dimensional environ- 
ment, the air. This is the subject of our next chapter. 

WORDS VNDPHRVSKS lORFMtMBtR / 

center of gravity skin fnctron drag 

^^^"^^ turbulent flow drag 

^^^8 boundary layer air 

induced drag fairing 

vonices supercritical wing * 

parasite drag ' 

]ni\(;s ro do 

1 If your physics teacher has the equipment, perform this experiment for the class 
Show how a feather falls m a vacuum 

2 Report on how and why wc use streamlining for ^hings other than airplanes 

3 Take two ropes and tie them together in the middlit so that there are four free ends 
Have four people of approximately equal strength have a tug-of-war simulating the 
four forces of flight What docs the point where the ropes are connected represent 

4 Research wingtip vortices Explain the cffca of a 747-s or DC- lO^s vortices on a 
light aircraft Explain to the class what a light aircraft woUld do on takcofrand 
landing to avoid these vortices 

5 Go waterskimg. What aerodynamic principles arc Tnvolvcd'' 

6 Have an aeronautical engineer visit your class. Perhaps he could explain how the 
supercritical wing operates s 

7 Perform wmd tunnel experiments in the wind tunnel you arc building for the class 
Demonstrate to the class how unstreamlmcd bodies create more drag. 

8 Make artd fly a paper autogyro (Your instructor has the plans) 
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Printing Office. 1965 (AC 61-1.-^) 
MiSENHEiMER Ted G Acro,aencc 2nd cd Los Angeles Aero Products Research. Inc . 

Van Devevter C N An Introduaion to General Aewnaudc^ Chictgo Amcricart Tech- 

nical Society. 1968, 
Hisiofyof flight New York American Heritage Publishing Co . fnc .1962 
VON Karman Theodore Aerodvnamm New York McGraw-HiH Book Co .1963 

• RJtAlLVV OLESnONS 

I. The force which pulls «n aircraft toward the center of the earth called 
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2. The point at which the total weight of the aircraft appears to ht centered is 
called Ihe: 
a* center of pressure 

b. center of gravity 

c. centrifttsal force 

d. centripetal force 

X DeHne thrust. 

4. What two types of aircraft propulsion systems are in general use today? 

5. Define drag. ^ 

6. What causes induced drag? 

7. Wlngtip vortices tend to (aid/'retard) the forward motion of the aircraft b> (con^ 
tribttting/absorbing) energy. 

8. How can a designer reduce induced drag? 

9. How can a pilot reduce induced drag? 

10. Define parasite drag. 

11. What are the two primary components of parasite drag? 

12. The air very close to the surface of a moving airfoil is called 



13. The more turbulent the boundary ia>er air, the (more^lcss) skin friction drag will 
be created. 

14. How do^we reduce skin friction drag? 

15. The best way to reduce turbulent flow drag Is through . 

16. What shape is best adapted to flowing through the air? 

17. An airfoil with a neari> flat upper surface and camber on the bottom is called a 



18. Most of the lift supplied b> a supercritical wing is in the form of (pressure- 
differential/impact) lift. 

19. True or False. The same aerodynamic laws appl> to both helicopters and con-- 
ventional alrcflrfl. 

20. How does a helicopter pilot change his horizontal flight direction? 
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THS CHAPTER examW the alroraft ih motion, You wilt read ' 




controls the pltof o* an aircraft uses to perform various 

bCWeen ttie physical principles Involved Instabinty andtbevSnw 
In which the pilot controls tfe aircraft. After Wha^uSadX 

fift"^^a^f*9 8tal)lllty factors wlir;afted^^ 
ahwaft!nfhght;(3)discusstheconceplof d^^^ 



E POINTED OUT earlier, that aircraft are able to sustain flight 
▼ ▼ because of a balance among the four forces we've just discussed- 
lift, weight, thrust, and drag. When the aircraft is in the air and flying 
straight and level, we can assume that these four forces are m balance 
But the aircraft has to get there somehow, you may say; what other types 
of aircraft motion are there, besides straight, level, unaccelerated flight^ 
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Aircraft fly in three dimensums. Aircraft are three dimensional ob 
jects, and they move in directions other than straight and level. 

In order to examine these other directions, we have to take another 
look at our aircraft. In addition to moving forward, an aircraft in flight 
rpa> move about three axes. See Figure 32 and >ou will understand what 
we mean The simplest wa> to understand the axes is to think of them as 
long ruds passing through the center of gravity , where each will intersect 
the other two. At this point of intersection, each of these axes is also per ' 
pendicular lu the other two. This relatujnship is a bit difficult to sketch 
uut. your best bet for getting this concept of axes straight is to have your 
instructor show you a model plane and point out each axis. 

The axis that extends lengthwise (nose through tail) is called the 
longitudinal axis, and rotation about this axis is called roll. The axis 
that extends crosswise (wing tip through wmg tip) is called the lateral 
axis, and rotation about this axis is called pitch. The axis that passes 
venically through the center of gravity (wheo the aircraft is in level 
flight) IS called the vertical axis, and rotation about this axis is called 
yaw. There is apparently no real rationale for these names, you simply 
have to memorize them Longitudinal axis — roll, lateral axis — pitch, 
and vertical axis— ^aw. 

You can demonstrate them for yourself by md.ins of a model 
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airplane. Hold the airplane frum abuve at abuut the middle (somewhere 
near where you imagine the center of gravity to be). Tip one wing down. 
You've moved the airplane about its longitudinal axis, and the airplane, 
has rolled. Bring the wing back up, now, and the airplane has returned 
to a stable configuration. Now pivot the whole airplane to the left. 
You've just moved the airplane about its vertical axis, and the airplane 
has yawed. These movements are not always this simple m the air, often i 
they are combined with one another, but more on that later. 

If the aircraft rotates about any one axis, the other two axes are con- 
sidered to be moving with the aircraft. For example, if the aircraft dips 
one wing, it is rolling — but it is not yawing or pitching. However, as we 
mentioned above, the aircraft can rotate about all three axes at the same 
time, as it does in the beginning of a climbing turn. 

SI \Bn I 

Stability is an important central coQ^cept behind aircraft design, 
operation, and control. We'll discuss stabill^^in general first, and then 
we'll move on to show how aircraft stability works. The^^xes of flight, 
discussed above, will provide convenient reference pi>mts for our dis- 
cussion of aircraft stabilitjj. 

First off, whm IS stability? A body is said to be in equilibrium when 
all tfie forces acting on it balance one another. Stability, then, is that 
property of a body which causes it to return to its original condition 
when its equilibrium is disturbed. This tendency of a displaced object to 
return to its original position is also called static stability. 

Let's examine static stability more closely. We can divide it into three 
types positive, neutral, and negative. We can demonstrate these with a 
small ball and a piece of pt>sterboard. First, lay the posterboard on a flat 
surface. Place the ball on it so that it's perfectly still (m equilibrium). If 
we push the ball, it doesn't try to return to its original position nor docs 
it try to move further away This is neutral stability. Sec ball A in- 
Figure 33 Next, bend the ends of the posterboard up slightly, and put 
,the ball m the middle (ball B m Figure 33). Now when we push tl)c ball , 
up the sides (disturb its equilibrium) it always tends to return to its 
original state — positive stability. Now for the hard part. Curve the 
edges of the posterboard down as for ball C in Figure 33 It's vfry ob- 
vious that if you're able to balance the ball on the top, once you disturb 
Its equilibruim, it tends not to return to its original state — negative 
stability. In fact, it tends to accelerate away from the point of origin. 
Sometimes we simply say that ball B is stable and ball C is unstable. 

An unstable aircraft tends conMantly ti> change from normal flight 
into abnormal flight, and it must just as constantly be restrained froti) 
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Figure 33 Types of Stability 

doing so by proper use of the controls. Obviousl>. unstable Aircraft are 
extremely dangerous and aircraft designers are careful to build at least ^ 
'some stability into all aircraft 

Another division of the concept of stability is into static slibility and 
dynamic stability As we discussed earlier, if the body has statii stability, 
it has a tendency to return to its original position If an aircr*llft tepds to 
return U> level flight without effort on the part of the pilot after it has 
been put into a climb or a dive, the Jirci;^'t is statically stable However, 
the force that tends to restore the aircraft to normal flight might be so 
great that a would carry the aircraft too far in the opposite direction If 
the aircraft is put into a dive, the restoring forces would move it fitst into 
a climb, then into a steeper dive, then into a steeper climb, then into a 
steeper dive, and so on until the aircraft finally stalled or crashed. In 
such a case, the aircraft would be statically stable (it would tend to 
return to its original position), but it would be dynamically unstable 
Dynamic stability, then, is a tendency to return to the original position 
with a minimum of oscillations 

Refer again to Figure 7>7> if we released ball B so that it rolled up and 
down the side of the posterboard, it would gradually come to a stop m 
the middle As it rolls back and forth until it stops, it is demonstrating 
dynamic stability The steeper the sides of the posterboard. the greater 
the dynamic stability 

St)metimes stability is really a type of instability it is possible to . 
design an aircraft so that it's stable when Hying in an abnijrjptil attitude 
In the early days ol flight, for example, some aircraft were, stable when 
they were flying upside down This is all well and good, if you happen to 
wind up flying upside down Die tri^uble is that the aircraft will con- 
stantly tend towanl this conditujii ot stability — and taking off or landing 
upside down is not a particularly safe maneuver' f.ven today, an im- 
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properly loaded aircraft will be inherently unstable. Perhaps you've 
/ ' wondered why you could onl^ carry hand luggage with you on a com- 
I mercial flight. Overloading the plane, of course, is );he primary reason' 

but an important secondary reason is linked to the problem of distribu- 
ting this weight properly. 

So much for stability in general. The question naturally arises as to 
how ai\d why an aircraft maintains stability, particularly since it must be 
stable about all three axes. Let^s assume that our aircraft is stable. If the 
aircraft noses down, there should be a tendency for the nose to ct>me 
back up, if the nose swings to the right or to the left, it should have a ten- 
dency to resume its original directioru*6nd if one wing drt>ps, there 
should be a tendency for the wing to come back up to normal position. 

Longitudinal Axis Stability 

If an aircraft is stable along its longitudinal axis, it will not pitch 
unless some force raises or lowers the nose of the aircraft. This move- 
ment is sometimes called "nosing up'^or "nosing down." If the aircraft 
is statically stable along its longitudinal axis, it will resiit any force 
which might cause it to pitch, and it will return to straight and level 
fli'ght when the force is removed. Qf,the three types of stability of an 
aircraft in flight, this type is the most important. 

To obtain longitudinal axis stability, the aircraft is deliberately 
balanced so that U is slightly noseheavy. In our discussion of the forces 
of flight, we mpnfioned the terms center of pressure and center of gravi- > 
ty. Aircraft designers deliberately locate the center of gravity ahead of 
the center of pressure in a given aircraft. This means, then, that the 
aircraft in normal flight has a continuous slight tendency to dive. Why? 
The center of pressure, you will remember, is the point at which all the 
forces acting on an aircraft in flight are assumed to beacon cent rated. The 
cent'er of gravwy is the point at which the^weight of the aircraft is con- 
sidered to be doncentrated. Obviously, then, the center of weight will be 
ahead of the center of the other forces — and the aircraft will have a slight 
tendency to d|ve The correction for this tendency is simple, and we'll 
, explain a bit further on why this tendency is built into the aircraft. 

Think ba,ck to the section on lift. The relative wind passing over the 
airfoil is giv^n a slight dowj^ard movement, and this movement is 
called downwash. The horizontal tail surfaces are usually set at a nega- 
tive angle of attack, which simply means that when they mdet the relative 
air, they produce a sort of downward or negative lift. Why? When the 
aircraft is flying at a given speed, the downward force on the tail exactly 
offsets the nose heaviness. The aircraft, then, maintains level flight with- 
out effort from the pilot (see Figure 34). 
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; If the engine "conks out," two things decrease the speed of the air 
over the tail surfaces The first is a loss of speed which is due to lack of 
•thrust^Jhe se€o$^ is the elimination of the slipstream. The slipstream 
IS the stream of air driven rearward b> the propulsion system Since the 
speed of the air over the tail of the afrcraft de<pi«tses, tlie downward 
force on the tail also decreases What happens then' The aircraft 
becomes noseheavy , the nose drops, 'and the aircraft goes mto a glide or 
a dive As the aircraft dives, its airspeed increases In turn, the down- 
ward force on the tail increases, since the negative lift becomes greater. 
This increase of'the dowiiward force on the tailof the aircraft forces the 
tail down and the nose up, and the aircraft goes into a climb As the 
climb continues, the speed again decreases, and the downward force on 
the tail becomes gradually less until the nose drops once more This 
time, if the aircraft is dynamically stable, the nose does not drop a§ far as 
It did the first time The aircraft then has a much shallower dive The 
speed then increases until the aircraft again goes into a shallower climb, 
^as before After several such oscillations, the^aircra^ w|ll finally settk 
' down to a speed at which the downward force on thetail exactly offsets 
the tendency ot the aircraft to dive The aircraft then can make a smooth 
glide down, regardless of whether the povv^ is on or off 

What happens when an aircraft is balanced so that the center of gravi- 
ty is behind the center of pressure*^ Such an aircraft i« tailheavy , hence, it 
has a tendenc) to climb Tfiis cUmbing tendency may be offset only by 
increasing the lift on the horizontal tai^surfaces sc; as to get a positive lift 
or upward force WTiat happens when the engine amks out on an 
aircraft balanced this way'^ Because the lifting force developed by the 
taiUs decreased dut to ihe loss of thrust,*lhe aircraft becomes tailheavy 
and starts to climb ^Since there is nothing to check this dimbing tenden- 
cy, the aircraft continues to chmb until it stalls and falls off mto a spin 
If the aircraft is put into a dive with the controls released, tfrt lift on the 
tail becomes greater and greater as the speed increases This, in turn, 
forces the nose of the aircraft dr>wn and causes the aircraft to dive more 
and more steeply, until it finally may go partly onto its back v 
We'll discuss aircraft control m more detail later, right nowj^et's 
look at lateral axis stability 

i 

Ijiier«l Axis Siabilliv 

If the lateral axis of an aircraft stable, the winds will not pivot about * 
the longitudinal ax,is What dues this mean^ To s^ it anotHtr way the 
wjng tips wilj hoid their positions m Hight unless some force is applied 
to .change theif pt.>sition If-thj? lateral'axis is statically stable, any forve 
applied to cause the wings ta change po>ilion w II be resisted, and the 



THEORY OF AIRCRAFT FLIGHT 




i 








pih«dral Angh 




\ t 



Figure 35* Dihedral Keel Effect ar>d Sweeoback 



v^mgs v^ill return tu straight and level tlight-unce the force is removed 
This tvpe ot stabilitN is Lomparativelv eas\ u> obtain Three taLtt)rs help 
make an aircraft stable along its lateral a\is ( 1 ) the dihedral angle of the 
\vings. t Zj^keeL e^YeLt. and (3) sv^eepback ?^ud\ Figure 35 briell), and 
then we 11 ltH.)k aV these three design characieristics une at a time 

Dihedral is the angle produced uhen thc\juter ends ot'the vMngs ^re 
higheruhan the ^nncr Cnds Actuallv. vou sh(fuld vje\^ this as an upv^ard 
|inclina\ion ,ot the i^vmgs The angle at which the wing slants ^upward 
from a\ imaginars line parallel to the ground is the dihedral ait^le. 

Heref how the dihedral figures in maintaining the aircraft s lateral 

ne wing is 
deslip (go 
t the angle 
\ the high/ 
s a greater 
cvel flight 



axis starthtv When an iiircraft with dihedral rolls so that 
lower thin the other, th^: aiTcraft immediatelv begi^js to 
slight!) si^ewass through Vhc air) The result t^t this slip is th 
of attack i\t \hc K^wer win^ is greater thin the angle of altack 
er wing Wljat happens^ The greater an^le of attack prlnJu*. 
amt)unt ot lift. ,ind the aircraft tends to return to straight «ind; 

. Keel effect, the second lateral aKis stabilizing factor, cd i also hd{p 
return the aircraft to a level attitude When more ot the <ii craft's silje 
surface i^af)ove the centi^r of gravit\ (li«in below it the resis ance of tfie 
iwnward anti sidewiird movements ot the aircr ift tends't 



air Ui [hp { 
returnMhe 
surface is i 




ucraft to a st«ible position (see F ig My) \ 
tten u^ed to/ ncrease the side surface 




<irge 



64 



ertical tail 




Sweepback produces lateral axis siabiiiiv in almost the same manner 
as dihedral, although s\vccpback is not so effective Here s how it works 

When an aircraft with'swcptback wings begins to slip, th^angle of at- 
tack of the lower wing is greater than the angle of attack of the higher 
wmg Hence, while it is not as effective, the same kind of additional litt- 
mg force generated b> the dihedral effect is produced and the aircraft 
tends to fly laterail> stable However, this is not the* primar> reas/)n for 
building sweepback into aircraft wings Rather, it is more coninionlv 
used (o locate the center of pressure in the desired position' It often hap- 
pens, m designing in aircraft, that the wings must be attached to the 
fuselage at a certaijn point tor structural reaM>ns Jn some cases, if 
straight wings werejused. the center n\ pressure would be too lar tor- 
ward, and the aircraft would be too noscheaVy Hence, when the 
designer builds in sweepback. he helps both lateral and directional 
stabilitv. and he al^o locates the center iA pressure where he wants it 

/ ^ Dircchonal Subilit> 

This type /)f stability tends to keep the aircratt tlving in a gi\en direc 
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t Figure 37 Directional Stability 



Uon Aircraft design is the ke> to this type of stability Movement about 
the vertical^ axis of the aircraft, you'll recali;fs called yaw Aircraft can 
be designed so thai they nviII tend to correct any tendency to yaw Here's 
how . / 

An aircraft acts something hke a weathervane If it swings away from 
its cou/se by rotating about its vertical axis (yawing), the force of the air 
on th/ vertical tail surfaces tends to swing it back to its original line of 
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flight Here again, the location oHRecenter of gravity is important The 
side ^TcaMund the center of gravity must be greater than the side area 
m front of the center of gravity in ordqr to prevent yaw Why'^ Ob- 
viously, if thece were more side area in front of the center of gravity, any 
tendency of the aircraft to rotate about Us vertical axis would, then, (end 
to turn the aircraft around (see Fig 37). 

Visualize a weathervane and you1l see what we mean (see Fig 38). 
The point at which the arrow is joined to the vertical upright \b ahead of 
the center of the arrow This means that there is more side area behind 
the center of gravity than ahead of it— and the weathervane tends to face 
mto the relative wind. 

Directional stability, again, is the result of aircraft jdesign. Adequate 
rear fin surface provides the necessary directional stability. 

Let's sum up An aircraft is considered to be^stable if it tends to resist 
any torce which changes us flight attitude and if it also tends to return 
to Its original posuion if this position is disturbed. A stable aircraft, for 
example, will maintain straight and level flight at a^Ken speed without 
the pilot touching the controls, ^\^^^|e it is important for the aircraft to 
be stable, it is also important that th? pilot be able u> control the attitude 
of the ^ircraft without excning too much physical effort An .aircraft can 
be so stable that it is difficult to maneuver Stability anci control, then, 
are interdependent, which brings us to oiJr next major topic area, con- 
trol. 



Let's start with some definitions. Controls in an aircraft are those 
dev ices by which a pilot regulates the speed, directum of flight, altitude, 
* and power of an aircraft Control surfaces arc movable airfoils designed 
to be rotated or otherwise moved b> the pilot of an aircraft in order to 
change the attitude of the aircraft Gmtrol itself is the name given to the 
central concept behind <hese operations See Figure 39 

The problem of control of an aircraft about its three axes was one of 
the first major problems encountered b> the pioneers of "aviation The 
Wrights recognized that one of the obstacles they must overcome was 
^to control their aircraft, once they got it in the air Wilbur Wright, 
so tFuT^k^ry gucs, observed how birds maintain lateral balance by twist- 
ing their wTHfitips down when they hit a gust of wind He reasoned that 
this twisting rnvrcased the angje of attack and hencp increased the 
amount of lift generated This changing of the wmg shape is called 
>ving*warping« and it w<is amorjg the first control devices built into 
aircraft 

*vvarping as a more infective means ly 



Ailerons soon replaced wmg 
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1 Figure 39 Operation of the Rudder 

I 

! 

controlling the aircraft's tendency to roll Ailerons arc mnvablc scg 
mcnts of the airfoil located on the trailing edge ot the uing. and thcv 
control movement of the aircraft about its Inngitudinal axis — rull The 
pilot of the aircraft moves his stick (wheel) to the right or tn the left U) 
control roll Moving the stick to the left raises the lett aileron and 
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Figure 40 Operation of the Elevators 



kmers the right aileron (see Fig 40) Hliat hajipens ' The right wing then 
develops more hft than the left wing, and the aircraft banks left This 
simply means that the aircraft turns Counterclockwise 

Once the ailerons have been properly positioned, the pilot returns his 
controls to a neutral position The aircraft tfien continues to bank until 
the pilot applies opposite control pressure take the aircratl out of the 
bank 

Increasing the lift, though, also increases the drag The wing with the 
lowered aileron will generate both greater litt and greater drag What 
happens then » The aircraft will vaw m the direction of the wing with the 
lowered ailerorl. which is the direction opposite the turn being perform- 
ed 

This vawmg tendency can be corrected in two wavs the ailerons 
themselves can be so designed that the ^|i^ag on the wing with the lowered 
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Figure 41 The Fr»se Aileron 

aileron is decreased or the rudder can be used lu offset the tendency to 
yaw. The Frise aileron (Fig 4 1 Xis designed s<j that the leading edge of 
the aileron protrudes below the lower surface of the wing. This projec- 
tion, then, increases the drag on this wing, and the >awing tendency is 
overcome. r 

However, the rudder is the primary device used to overcome the ten- 
dency of the aircraft to yaw. The rudder is a movable control surface at- 
tached to the vertical fin of the tail assembly By pressing the^proper rud 

irection of 
It, and left 
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der pedal, the pilot moves the rudder of the aircraft m the 
the pedal he presses (right pedal moves the rudder to the rig 
pedal moves the rudder to the left). WTiat happens then'^ Wlitjn the pilot 
pushes the left rudder pedal, he then sets the rudder so that u deflects the 
relativ^ air to the left. This then creates a force on the tail, causmg it to 
^move to the right and the nose of the aircraft, then, to yaw to the left 
This yawing to the left, though, is deliberate — because it overujTnes the 
tendency of the aircraft to yaw to the right in a left banked turn What 
the pilot Is really doing, then, is setting up a force to Louhter the adverse 
effect which occurs when the ailerons are adjusted 

At this point. It IS probably well to point out that the rudder does not 
steer the aircraft in normal flight The rudder does not turn the aircraft, 
rather, its primary purpose islo offset the drag produced by the lowered 
aileron Clear'^ Let's look now at the elevatt>rs ' <^ 

The erevators are hinged sections of the horizontal stabilizer They 
contrt)l the pitching niijvements a^out the aircraft's lateral (wmgtip to 
wingtip) axis Like the aileri>ns, the elevatijrs are controlled by means of 
the stick Unlike the ailerons, though, the elevators are controlled by 
forward and backward movements of rhc stick Here's what happens 
when you pull back on the stick the elevators are raised so that they in 
tcrsect the flow of the relative wind The impact air causes the aircraft to 
rotate m a taildown position about the lateral axis (which amounts tt) 
the same thing as saying that the nosc is raised), and the aircraft climbs 
When you push forward on the stick, the opposite thing happens* the 
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elevators are lowered Si> that the> intersect the relative wind The impact 
air causes the aircraft to rotate to a tail-up positum (which amounts to ' 
the same thmg as saying that the nose is lowered), and the aircrati dives 

These are the three basic control surfaces, then ailerons, rudder, and 
elevators. Although all aircraft do not have all these surfaces, we should 
point out that virtually all aircraft are flown by the movement of stick 
(wheel) and rudder pedals, which we have described Certain aircraft 
which do not have elevators, for example, have sections of the wmg 
which serve much the same purpose. Hence the pilot performs the same 
operations m the cockpit, and the aircrkft performs th« same maneuvers, 
but for different reasons. You may have ridden in cars which hav(^ the 
engine mounted m the front and other cars which have the engine 
mounted in the rear. The controls for the driver of both autos are the 
same, but different things happen when the driver presses down on the 
accelerator pedal. Nonetheless, the car performs the same maneuvers, 
' regardless of exactly how the controls are related to the engine 

The three basic control surfaces may also have secondary control sur- 
faces attached directly Ut them These additional control surfaces, called 
trim tabs may be controlled by the pilot i^r t^y be fixed. He uses these 
surfaces when the inherent stability of the aircraft has been disturbed by 
unusual loading, such as passengers in a commercial aircraft -moving 
around inside the cabin 

You may encounter some writers on aeronautics who discuss anc^ther 
group of contnM devices. Jlaps, slots, and spoilers We've alieady dis- 
cussed these in the chapter on lift, and we prefer to look at theie devices 
as lift (or antiliftj devices A control device is one which controls the 
attitude of the aircraft in the air as its primary functu^n, and the devit:es 
we've just finished discussing all do this The flaps, slots, and spoilers all 
affect the attitude of the aircraft in the air, but this is actually incidental 
to their primary function generating or retarding lift. 

Now that you have some idea of the^umtrol surfaces and how they 
work, let's take a10ok at how these controls work in flight You still will 
have to learn a fci^ more terms, i>ut we'll include these as we go along 

Climbing* FlighiN 

Climb requires power If all the available power of the engine is being 
used to keep the aircraft in the air, there is no power left for climbing In 
other words, when all the power is all beling used for forward motion, 
none is left for vertical motion 1 

You may be interested in knowing howl to calculate the rate of chrnb 
m feet per minute This is actually very|siniple One horse-powt^ is 
equal to 33.000 foot pt^unds per minute (sec the unit on aircraft prof^ul 
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sion systems for a full discussion uf the concept of, horsepower). The 
reserve horsepower in an aircraft engine is the horsepower over ^nd 
above that necessary just to keep the aircraft in the air in straight an>i 
level flight. If we multiply the reserve horsepower by 53,000, we then ^ 
get the total number of foot-pounds per minute which can be used to 
climb the aircraft. If we then divide this figure b> the tutal weight uf the 
aircraft in pounds, we get the rate of climb m feet per minute The for* 
n;\ula is 

Excess Horsepower x 3^,000 „ c r>r ^ 

vfeik^ — : = ^^^^^ 

For exajmple. m a light aircraft weighing 2,000 pt)unds and having 20 
excess horsepower, what would be the rate of climb? 

^15^0 minuie 

What about a C-5 weighing 660,000 p^junds and having 20,000 excess 
horsepower'!^ (For this comparison we have converted the puunds of 
thrust of the C-5's jet engines to horsepower) 

20.000 X 33.000 ' , , , 

^— • — I 000 feet per miniiie 

All of these calculations, of course, are based on sea level figures. 
TJie horsepower decreases with altitude, and other factors enter into the*^ - 
calculations which make them somewhat more complicated. The princi- 
ple, howeveiiM^ the same regardless of altitude. 

Another l^n you n\ay encounter, power loading, is simply the 
weight of the aircraft in pounds divided by the horsepower of the 
aircraft. 

The best speed for cliipbing is stjmewherc between the stalling speed 
and the maximum speed of the aircraft The best climbing speed, varies 
with various types of aircraft The one which should be used is that given 
m the Aircraft Operating Manual for the specific aircraft being flown 

Another thing to remember climbing angle and rate of climb do not 
necessarily go together An aircraft may be flying at such a high.angle of 
attack that the reserve horsepower is very low, but it may be climbing at 
a very steep angle because ^^f its luw forward speed On the other hand, 
the speed and angle of attack that give the best rate of climb in feet per 
minute usually do not give the best angle of climb, since the aircraft is 
going farther forward for each foot of altitude it gams Her<A the 
difference between the steepest climbing angle and the angle for the 
maximum rate of climb Climbing flight is flight in which the aircraft is 
gaming altitude. When the aircraft operates at the best angle of clinib,1t 
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BEST ANGLE OF CUlMa OAINS 
* VOST ALTITUDE IN A GIVEN 
DISTA>4CE. 



BEST RATE OF CLtMB GAINS, 
MOST ALTITUDE IK A. GIVEN 
TIME. 



Figure 42 Angle of Climb and Rate of Climb 
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gains the most altitude in a given distance. When the aircraft^uper^ at 
the best rate of climb, it gains the must altitude in a given time. (See Fig 
42). / 

Some oth^r terms >ou may encounter which deal with climbing flight 
^ are importam, too Service ceiling is the altitude at which the maximum 
rate of climb is 100 feet per minute. Absolute ceiling is the altitude at, 
which the aircraft stops climbing entirely, even though the throttle is^ 
wide opciT At the absolute ceiling, the stalling speed and the maximunjl 
speed are the same. This simply means that the density of the air. is ^ 
low that ihe angle of attack must be increased to the maximum an order 
to support the aircraft, and full throttle is required to maintain le^l 
flight that angle. A side effect of this high altitude is a jdropping ofjf in 
horsepower of thc^ngirW, because of the decrease in density of thc/air. 
This means thai less, horsepower is available at high altitude than sea 
level, unless, of coui^sc, the aircraft is equipped with a supercharger (sec 
the unit on propulsion systems for a fuller discussion). 



Force » in Turns ^ 

Before wc discuss forces in turns, we need/tu look at lift again. Lift 
can be divided into two cdmponertts vcrticaffcffccti\c)and horizontal. 



If the ail-craft wings are not straight and level, the wing lift docs not act 
in a-stri :tly vertical plane (sec Fig 43) Jn addition to ihc vertical com- 
ponent there is a sideways or horizontal component \|»th thc actual lift 
being \\ e resultant of these two forces. Effective lift iS^jfc vertical com- 
ponent \hich acts to ovcrc()mc weight As you can sec m Figure 43, the 
is the actual lift, but not all of it goes toward overcoming 
Figure 44 may hel^ you to better understand why there is le^s 
omponent or effective hft when the aircraft is not straight and 



resultatit 
weight 
vertical 
level. 
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Figure 43 Compoobnts of Lift Effective 
Lift Equals WeighLWhen a Constant 
^ Altitude is Maintained. 



Figure 44. A Banked Aircraft Has Less 
Effective Wing Area Directly Opposing 
Weight. I 



Let's look noAv at what happens when an aircraft turns' When an 
aircraft is maintaining constant' altitude, but U not flying in a straight 
Iine> an additional force — centrifugal force — acts upon it. This is a 
force which tends to mov^ the aircraft away from the center of the curve 
which jit is following. Two factors influence the size of the centrifugal 
force, the airspeed of the aircraft and its weight. A third highly impor- 
tant factor IS the sharpness of the turn. These forces are combined to 
/orm a resultant force. This force acts downward and outward. If the 
aircraft is not banked, it will ^kid sideways. See Figuresr43 48 for exam 
pies of the various types of /orces in turns in this discii^sion. 

The angie between the aircraft wings and the horizontal (horizon) is 
called the angle of bank. Wnen the pilot is flying correctly, this angle of 
hank must be numerically /equal to the angle that the resultant force 
(combination the weight and the centrifugal force") msfkes with the 
vertical. In other words, the upper and lower resultant forces must form 
a straight line. The lift must equal the lower resultant force In mag 
nitude. If the angle of l^ank is correct and if the lift equals the resultant, 
the aircraft executes a coriject turn. 

If the angle of bankjs t(j)o small the lift will not be acting m a direc 
lion exactly opposite to the 
In effect, the horizontal cc 



resultant of the weight and centrifugal force, 
mponettt of centrifugal force is greater than 
the compensating horizontal component of lift. Then, regardless of the 
amount of lift, the aircraft 
45). 



will tend to move outward, or skid (see Fig 
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Rgure 45 SkicT Aircraft Moves Toward the hgure 46 Shp, Aircraft Moves Toward the 
Outside of the Turn » tnside of the Turn 



Take a look, now, at Figure 46. Here, the angki of bank is loo great. 
The lift force and the resultant of weight and the centrifugal force com- 
bine to produce a force acting inward and downward. In this example 
the horizontal component of lift is greater than'centrifugal force and tbc 
aircraft' will slip to the inside of the turn. 

In Figure 47, ihe bank is right, but the lift is too low. Since the resul- 
tant is greater th^n the lift, the aircraft will settle or descend. 

The opposite holds true in Figure 48. Here, the lift is greater than tlie 
resultant In this case, the aircraft will climb, and the net^esultVill be a 
climbin^turrf This particular maneuver requires a grea\leal,of extra 
power, srmpl) because the aircraft is overcoming, simultatieously, the 
forces of weight, drag, and centrifugal forcd. Under ^orthiia^JK, cir- 
cumstances, a trul> vertical bank can't be made without slipping tjccur- 
nng. 




Figure 47 Lift Less Than Resultant Rgure 484 Lift Greater than Resultant 
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Rgufe49 Effect of Centrifuga Force on a Turning Aircraft Lift ^tist Be Increa^jo 
Mairvtain Altitude ' ' 



Obviousl). It IS almost jmpossible to mamlam a in le vertical bank in 



a conventional aircraft, "because no matter how grea 
mav be, weight is always a^cting. so tfie resultant will 
component \ 

TiT review m oversimplmed terms, too much centri 



centnfugal ,fo^vJe 
lavO a downwa[d 



. ^ fgal force riesuits; 

m a skid while too much w^^eight or horizontal lift restlts \n a slip An 
imbalance in lift me^ris thai the aircraft will either cliiib or destend 

Lelis take aniither l()ok at turns. onl> this time ^^Tpise a ^itTerent 
approich Take a look at Figure 49 In section A./hc ircraft iSj- shown 
in levdl flight, and the lift a*nd the weight ( L an4 \y) are eiual la section 
B. ihejiircraft is m a bank witfi the same amount ot lift iL) and weight 
bLi now. wehave centrifugal force (CF) as wefl Heite. wc have to 
compulc a r^^sultant. and the resultant is greater than the lift. Now. t^ike 
a look It sectK)n C We have moved the forces V) that the difterence m.i^- 
be morl readily appreciated The centnfugal forcp is moved to the in-/» 
side <if Ihe bank, and the weight fo^ce is also drawn on thp inside In 
order f(lr the aircraft to maintain altitude, the lift force must extend to 
llic point uherc thenveight fofce begins In other words, we're missing 
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"X" amount oClift and. wilj lose altitude ifW^tm't ch^ge s<jmethitig 
» Thus» if altitude is to be maintained ma turn, lift must equaf weight plus 
the resultant centrifugal forfe caused by the turn. 

Somtf way or otl>er, this deficienc) in lift must be made, up This fna> 
be donfc by efther increasing power ui increasing the ^^e uf attack 
The on\y wa> that you can mvjj^ase the angle uf attack is^Ri raise the nuse 
by the use of the elevators. ThalswTTys^e said th^ in an> turn, it is the 
elevatcjrs that really do the work. 

Tak€ another kwk^at Figure 49. Wliat will the rudder do in turnmg 
flight? The rudder controls movement abxiut the vertical axJs. therefore, 
moving the rudder will have no effect except to cause the nose of the, 
aircraft to drop along a line parallel to the wing — that is, on a diagonal 
line. The ailerons, likewise, can have no effect other than to hold the 
, aircraft al the prop^ bank, if that is necessary As a matter of fact, as 
we'll discuss shortl>, a slight amount of upp^>site aileror^ is usually 
necessary m executing a proper turn. With respect to Qie rudder, 
however, once the turn h'as begun and the drag of the lowered aileron 
has been overcome, the pilot can remove his feet entirely from the rud- ^ 
der pedals and still contini/e t^rsmake a perfect turn. When h : decides to 
come out of the turn, he uses opposite aileron (the aileron vrhich is not 
\i\ph£ direction iff the turn he is makmg), and he has to use opposite 
xudder For example, if the pilot is coming out of a right tuml he applies 
Jeft rudder and left aileron. • 

-t ^ , . 

Now.J<t s go back to the use of left aileron m a right turrl and right 
aileron m a left turn ^\'hen the aircraft is turning, it is moving in a circle 
(see Fig 50) It ma> not move aroiHid a complete circle, buAit islstill 
moving in a prcular motion The wmg tips, then^Mescnbe LAncentric 
circles This means that the (juterV ing moves farther^ in the sani; period 
^ of time, than the inner wing. If it is moving farther in the same pbriod oX 
time. It IS then moving ^tcrlthan the inner wing Since it is moving 
faster and is at the same angldf>f attack as the inner wing, it generates 
slightl> more lift than the mnel wing T>o you see the problem develop- 
ing*^ JHere's what happens riextt ^ 

T(\i)ftsei;hls additional lift,thd pil4\t hast(» exCrt a slight pressure on 
the stick tmvard the .outside of the turn ' This pressure, of course, slightly 
I6wers the aileron on the msidc of the*rurn, and this lowjjring compen- 
sates for the increased lift on the outer wing and makes the lift of the in- 
ner and outer wings the same If you've been folMvingLltJsety, you real- 
ize tharthe pr essure on the stick also raises th??lileron on the outside 
wmg, which decreases itsjitt Both actions tend to equalize the lift If the 
pilot did^not do this, the aircraft would bank more and more steeply as 
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fATi or oeru vjh nr. 



Figure 50 Aiterons and Turns 



long as the turn uintmued This effect is called the over banking 
tendency 

A final point abtiut forces m turns since the pilot is increasing his 
aircraft's angle of attack to maintam altitude during a turn, he has to/m- 
crease his power to.jnamtam a, constani airspeed If he dt^es not ./the 
airspeed will decrea^ in a steep bank This combination of incre/iscd 
ptiwer and increased angle t>f aJttack ma> produce severe stresses < 
wings, but we'll discjjss tl^is ny)rc later. 
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Do you reajly kno^v ht^an aircr aft flies'^ Most people do not know, 
even th()uJfc^f?JHhirk they underst; nd it Ask >tjurself theje questuins 
WTiat IS the up and-dowfl control,of in aircraft ^ The elevatop. >ou say"* 
You are wi^ong—it i: the throttle. Vliat in the world is the speed conA 
trol, thcn^ The throttle'^ Wrong again— it is the elevators What turns 
the aircraft in the air/^ WellAwe tipped yoaoff a little while back that it is] 
not the rudder. Aftdr the ail^ons surt the turn, the w'nngS lift the aircraft 
around.' How diies this work'^ Simple— <hc pilot holds the stick back, 
which sncreases Ihc angle of attack and produces more lift 

Don't tak^our word for it, though. Let's get an aircraft into the air 
and adjust the cohtrVjls so that the airbraft flies straight and level We'll 
assume tliat this is a propeller;^riven aircraft The pn^pcUer interacts 
with the arc, and the aircraft moves forward This is thrust The air mov 
mg t)ver tile wing causes'^decrease in pressure above the wmg. produc 
ing lifl/T^ resistance of the air Uj the w mg's moving through it is called 
dragyrhe force which attracts the aircraft t(j the earth is called gravity. 
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and It measures the aircraft's weight. Su far, so good, this is all uld stuff 
to you. All the forces acting on the aircraft are in balance, y 

Now, we push the throttle forward, the propeller turns faster and pro- 
duct more thrust, the wing moves faster, generating more lift, and the 
aircraft climbs The more lift generated b> the wing, the greater the drag 
of the wing The additional drag balances the addihunal thrust, but the 
additional lift makes the aircraft climb. Now, if we pull out on the throt- 
tle (reducing power), the nose will drop. The throttle, then, is the up and 
down control 

Surprised*^ If the throttlejfche up and down cuntn^l of the aircraft, 
what controls the spced*^ N^aid it was the elevators. Here is how it 
works As we cruise along, the airspeed indicator shows 80 mph. Now, 
we pull back on the stick, and the airspeed drops to 60 mph. Now, we 
push the stick forward, and the airspeed increases until it reaches 100 
mph This^hox^* that the elevators reall> are the aircraft's speed control. 
The elevators control the speed of the aircraft because they control its 
angle of attack, and you remdmber that angle ^Mattack is the angle ' 
foriTied by the relative wind and the chord of thc^iVfoil, or wing. 

We ve talked about speed, le 's lot)k, for a m^^m^nt, at speed'in a bit 
more detail. The important thin, i for an aircraft is its airspeed. Airspeed 
is wTe speed of the aircraft throuj h the air, while the speed (jf thc aircraft 
ovdr th<f ground is called, logical 1> enough, groundspced. A pilot learns ' 
to 'Wr' a stall coming When |his aircraft is approaching & diall, the 
^pibi can feel a shudder in thc Aircraft's wings, and he finfls that the 
ailertSns are so sluggish that the> have little, if any, effect on ihe wings , 

Stall speed changes. with the aircraft configi^tum It irtcneases in a 
turn It decreases with the flaps down. The aircraft cari stall m level 
flight and in a turo. even with full power oa 1 

How does an aircraft tiirn ' Certainly not by the rudder' Some aircraft 
d(\^n't even Kave rudders An aircraft is turned by first lowering one wing 
with'the ailerons and then lifting the aircraft aruund using the ejevators. 
When thi aircraft makes a turn, centrifugal force tries tit pull it away 
from the center of thc turn If yijq whirl a stone t;n a string, centrifugal 
force tendt U) pull thc stunc ^nd the string uut of y^jur hand The same is 
true of an aiVcraft in a turn (Sec Fig 51 ) Thc aircraft, then, must t)p- 
posc this pulling force, and this requires extra lift. 

Ri^t ab<iu\ now, you arc probably wondering why an aircraft*has a 
rudder At all, \f it is not used for turning Here's why Let's put the 
aircraft^\ a right tprn In thc right tum^^hc right wing is lowered, and 
thc left^^pg IS raised Thc 1cft>ynTg dcvchjps nn)rc lift, and it iriso 
develops more drag This imi^sed drag tends u> pull thc aircraft 
around m a direction opposi/c to thc turn This tendency is called ad- 
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Centet of Tutn 




Centrifugal Force 



Centrifugal Force 



Figure 51 Centrifugal Farce m Turns 



terse yaw. To correct for adverse ^aw. the pilot ^tpplies pre5>bure to the 
right rudder pedal This moves the rudder to the right and eonj^equently 
moves the tail to the left This keeps the plane from vawing That is the 
rudder*s mam job' to correct for adverse yaw 

Now \ou should have a better idea of how the controls ot an aircraft 
real!) work Experienced pilots often sav there is one rule that will be 
the greatest help to the amateur pilot ' Get that stick forward'" Why ^ If 
the aircraft's turn is too tight, it will stall The stick is our speed con- 
trol, and your aircraft mus^ h^ve speed to stay in the a r 

Let's ti^ to sum up this lenithy chapter Aircraft fly in three dimen- 
sionV and pilots can control Ithe aircraft's performance in all three 
Stability in an aircraft in ftightleomes from both design und operation, 
and tfte a)nirols in an aircraft ^nablc the pilot boih to mkintain straight 
and leWi flight and to perform various maneuvers FUe:ht controls arc 
alrtiostUn necessary in a properly trimmed aircraft to matniain straight 
and lev\3l flight They are used under all conditions of aircraft motion 
taxiing, takeoff, climb, straight and level, turning, descending, and 
landi;ig When the aircraft is properly trimmed for a particular 
maneuver, it may be flown in that maneuver with very little need for 
manual control 



longitudmai axis 

laleral a<xis 
pitch 

vertical axis 



stability 



control sui'taccs 
wing- warping 
ailerons 
stick 

Frisc aileron 

rudder 

elevators 



static stability 
neutral stability 
positive stability 
negative stability 
dynamic stability 
down wash 
slip stream 
dihedral 
dihedral angle 
keel effect 
sweepb^ck' 
controls 
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reserve horsepower 
poWir loading 
best ^gle of climb 
best f^ate of climb 
service ceiling 
absolute ceiling 
effective lift 
centcifugal force 
anglc^df bank 
skid 
slip 

adverse yaw 
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iHiNcs i() no 



iirol surfsuxs as a shop project. (Your iri- 



4ibed in the t 

pfk by flying 
, have them 




ipcr airplanes. If any cla 
It on a class demonstra-^ 
lancuver. ^ 

they are not ^xaaty ] 



1 Build a rQodel airplane with movable < 
structorjm a set of plans). 

2. Perform the experiment on stability de 

3. E>iscuss fli^t controls on a balloon. 

4 Demonstrate how elevators anc(, ailerons v. 

> members Hav^ controllable mdjlel airpltri 

I tion. Be sure they expUih the ririnciples ii^olved in each^ 

5 ^ If you look closely at the wings on a light aircraft, you wilf 
I the same. One appears slightly twisted. Fmd out why. 

Suppose a liulticngine jet aircraft with cnimcs near the >ilng tips yJas flymg at 
jpccds and an outboard engine suddenly iquit. Dikwss whaiTmight hap- 
best what aircraft designers could do to aid a pildt in this iituation. If 
«p^. ask your instructor for help. « 
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K What can we assume about the four forces of flight >*hen ihe aircraft is flylnc 
straiKht and level? 

2. Match the.aircraft axis with the descripi 
a. longitudinal win 
h. lateral ^ i 2. i^ose l( 

c. ?crticat 1 y t^p to 
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3. Match the aircrafl axis with its direction of rotation: 

a. longitudinal axis , 1. roll 

b. t lateral axis ^ 2. yaw * 

c. Vertical axis 3. pitch 

4. True or False. An aircraft\annot rotate around all three axes at once. 



5. ^ The propert> of a body which causes it to return to its original condition when 

disturbed is called . 

6. Match the following conditions of statu stability with ap^toj^riite descriptions, 
a. ppsilive stability K neither returns nor acceie^tes awn) when 



b. nvutral stability 

c. n^ative stability 



displaced 

2. accelerates away when displaced 

3. returns when displaced 



7. Define dynamic stability. 



8. Stability along which axis is the most important? 

a. vertical ^ 

b. ateraj f 

c. ongitudinal 



9. Thi 
gra 



center of pressure is deliberately jocated (ahead ofMhind) the center|of 
ity of an aircraft. 



10. Define do^lnwash. 

11. The stream of air driven rearward by the propulsion system is called (ht 



12. The wings of an aircrafl will not pivot readily about the longitudinal axis if 
which axis is stable? 



13. Which of the following factors help to make an aircraft stable along its lateral 
axis? 

a. keel effect — 

b. sweepback 

c. dihedral angle 

d. all of the above 



14. 



15« 



True or False. The primary reason for building sweepback into^wings is to pro- 
mote lateral stability. 

The larger the rear fin surface* the (more/less) directional stability an aircrafl 
will have, v v 




Match the foloVving subjects to ap] 
a. controls^/ v 
^b. condi^^urfaceil 
c. control 



(hL) effi 



Herons are (more/Ieks) effect ive than wiW-Jwarping, 



ropriate definitions 
name of central ct ncept 
n^me of moveable airfoils 
ntrnc of regui^tlnf devices 
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W True'or F«lle. Aileroiw are moveable segments of the airfoil located on the traii- 
\ ing edge of the horizontal stabilizer. 

lYi Moving the stick to the right lowers which aileron? 
\ «. right 
\ b. left 

I c. both ailerons 

1 d. none of the above 

20. What control surface design automatically corrects the yawing tendency in a 
roll? 

21. Define rudder. \ 

•22. True or False. The rudder steers the aircraft ih normal flight. 

23. True or False. Elevators control the pitching] movements about the aircraft's 
vertical axis. 



24. What Is the rate of climb in feet pcr.minute of a 3,00(y lb. aircraft 
horsepower? 
• a. 100 

b. 220 

c. 330 

d. 990 



25. The best speed for climbing lies somewhere between the 
1 speed of the aircraft. / 



witji 2oSt: 



!serve 



. speed and (he 



26. When an aircraft operates at tbe best rate of climb, it gains the most altitud« in a 
given (distance/time). 

27 The altitude at which the maximum rate of climb is 100 feet der minute is cahed 
the (service/absolute) ceiling. 7 

28. Which of the following factors has the greatest influenc/ on the size of the 
centrifugal force? ' / 

a. altitude I 

b. density 

c. wing span 

d. weight 

* . ^ J . ^ 

29. Define angle of bank.v 

30 If the forces on a bankiVlf aircrlft are not in balance and the plane is moving to 
the inside of the turn, it is saidlto be (skiddinj^slipping). 

31. Match the aircraft motiori with the appropriate control: 

a. up and down \ I 1. throttle 

b. speed \ \ 2. elevators \ 
c» turns \ \3. ailerons and elevators \ 



\ 




32. What is the rudder's main job? 

33. Wha; rule is probalj)) the greatest wlp to ^v^ amateur pilot? 
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THIS CHAPTER exomihes thfe aircraft itself and how thp Various 
parts are Ixjilt and why they are built that way. first, yo&wm read* 
about the power planJ, then the fuselage and the way in whfch it 
Is built A'brief dlscu^lon of stresses and how they affSct aircraft 
<»nstructioo will follow.. WewilLalso look,.lasome detail, at wing 
and tall construction, contrqj surfaces^ hydraulje arid electrical 
sysfenw, and the landing gear, ^er you have stydiQ^ this 
cha|!>ter, you should be ab,te to: (1) discuss the five types-of stress ^ 
which act oa an aircraft :ln fllghj; p>) iixplain how aircraft <x>n. - 
istructlon^cbunteracts these stresses; (3) discuss the various ' 
types of fuselage, and winS^struction and point out sdtne ad- 
Vantage»of each; (4) describe the principal parts of the emperr- 
nagp; (5) list applications of hydraulic and electrical systems In \ 
the aircraft; and (6) exBlain how toda/^ aircraft landing g^ar. 
vd^of ks* ■ 11 

/ . ^ • Ml 



WE'VE LOOKED ai\nAy thingk frorti man's\firsi desire to fly to 
controlled powered ^ight. We've discud^ed the theories 
linderlying flight^ .and we've ta^ed about how an aircraft manLvers»in 
the air. Next, let'^ take a clWet look at the aircraft itself. Vqu may 
Yemember from last year thc^yVicfus parts of the aircraft that vyLe men- 
tioned. Here, we plan to show you^ow ail the structures of anXcraft fit 
\togettier in light of what you now Vnow about why the aircraft flies, 
^je're including a diagrarti ofV conventional propeltt^r-driven 
aft (Fig 52) -This diagram will help you to se(? where aircraft parts 
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LANDING GEAR • ' Piper Aircraft 

PA 34 Scncc* 



Figure 52 Structural Elements of an Aircraft 
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are located as we discuss them. Exc.ept ffcr the propellers, a jet aircraft 
would consist of the same basic structures^ , , . 

pow Vh im vm 

Because an aircraft is a functioaan'> designed ^lece of equipment, it's 
hard to say if an> one compionent is more important than an> other. 
Howeve^ many people will say that the fxjwer plant is one of the most 
essential components for normal fl4ght. You'll soon be covering propul- 
sion systems for aircraft in anothef unit, so we won't go into much detail 
on how the various propulsion systems operate. We will merely tellyou 
what the power plant do^s, what it looks like, and where it is located. 

In Figure 52, you can see' the. propeller, the engine nacelles, ind'the 
engine cOwliTigs. The propeller'; as We,. noted earlier, is essentially a 
curved airfoil. It provides the thrusj^whfch helps sustain the aircraft in 
flight. It operates because of Newton's Third Law .of Motion (the action- 
reaction law weVe studied). ThC action here comes from the relation- 
ship between the moving propcjlfct^nd the.air, and the reaction is the 
forward movement of the aircraft. The \jnit oa prppu^sioij systems will 
examine the propeller at some length. ' - 

Behiftd the propeller, you'll notice the engine cowling* This Is 
simply a cover for the engine. It protects the engine and directs cooling 
air onto the engine itself. ^ . 

The engine nac^lks are streamlined containers /or a^ixiliary engine 
systems. Notice in the side view shown ih Figure 62 how, the engine, 
nacelles Continue the streamlining begun by ,the engine cowlings. Other 
aircr4ft h^e nacelles adapted for other purposes. If yc^u see an aircraft 
Wh "tip tanks", ndte the shape otf the fticl tanks, they, too, are nacelles. 
SolTie aircraft have had passenger, nacelles, such as the C-1 19 "Flying 
Boxcar" It had, in effect, two greatly extended engine (jacelles jvith a 
passefig^r naceW m between. Single^^engine aircraft do not have.cngme 
nacelles. This is\because thc^gine li attached directly \o the fuselage, 
our nc\t major structural clement. ^ .y .• * , \ 
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Th6 fuselage is the" mam or body part of the aircraft. It carries the 
crew, passengers, cargo, instruments, and most other essential eq^iip- , 
mcnt or payload. Fuselages are usually classified according to the vl^y 
the structure has been built to withstand all yf the stresses that it ^lU 
have to meet. The two main types of constructu)n arc the welded steel 
truss and the semimunt)Ct>quc. Th6 trii^s type uf constructu>n is made of 
stCcl tubing, and th^ jcmimonocoque type of construction is made from 
Wtcrnally braced metal skin. In order to understand these two.typcs of 
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Figure^ Types of Stress 



construction (!u:tter, you need to know sometHmg aboAt the stresses 
which act on aKaircraft in flight. First we'll look at the types of stress, 
^nd then we'll r&urn to the types of fuselage in order to show you how 
the fuselage is designed to bear these stresses. \ 

Takq a stick inVour hands and start to break it Up to th^breaking 
point, the stick hasSnternal forces which resist the force you apply 
These internal forces are called stresses, and they are measured in terms 
of force per unit of area. Stresses are expressed in pounds per unlt^)f 
area (often in scfuare inches) If you exert a force of 50 pounds ^cin an 
♦ area of one-half square inch, the stress is 100 pitjunds per square inch 
Five types of stress act on an aircr^^M^ ^'ght tension, compression, 
bending, shear, and torsion. Let's look at each^ne mdlvidually (see Fig 
53) 

Tension. When you try to Break a length of rope, you exert a type of 
stress which is called tension Tension is the stress which tends to pull 
members apart A member is any part of an aircraft that carries a stress 
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When you pull on the control cables of an aircraft, you re exerting ten- 
sion. 

Con^ression. Compression is the opposite of tensionfcomj^r^ssion 
is the stress which tends to push materials together. N\Tien you grasp a 
football at both ends and push, the ball is subject to compression. The 
landing gear struts of an aircraft are also subject to compression. 

Bending. This type of stress combines tension and compression. You 
put a bending stress on a bar when you grasp it with both han^s and 
push the ends together, or when you benc^a paper i^ip. The wing spars 
(interior structural memberslare subjected L bending while the a^craft 
is in flight The lower side of the spar is suWcted to tension, whilAthe 
upper side is subjected to compression. Obvil^sly. sont^e materials vinll 
break before they bend and often are unacceptable for aircraft construe 
tion. \ 

Shear. This is the Stress that is placed i>n a pieJ^ of wood, clamped in 
a vise, when you chip away at it with a hari^imer artd chisel. This type of 
stress is also exerted when two pieces of metal, jolted together, arc 
pulled apart by sliding, one over the other uf when you sharpen a pencil 
with^a knife The rivets m an aircraft are in^^tendcd tVcarry only shear. 
Bolts, as a rule, carry onl^ shear, but sometimes theA:arry both shear 
and tension. ) 

Torsion. Torsion is^the stress which tends to distort Ly twisting. You 
produce a torsional force when you tighten a nut on a bolt. The aircraft 
engine exerts a torsional force on the crankshaft or turbine axis. ^ 

All the members (or major portions) of an aircraft arc subjected to 
one or more of these stresses. Sometimes a member has alternate 
stresses, such as compression one instant and tension the next. Some 
members can carry only unc type uf stress. Wire and cables, fur exam- 
ple, normally carry only tension. ^ 

Since any member is stronger in compression or tension thAn in 
bending, members carry end loads better than side loads. In urdcr to do 
this, designers affange the members in the form of a truss, or rigid 
framework In order for a truss to be rigid, it must be composed entirely 
of triangles WeMI eliminate many uf the technical terms associated-with 
trusses, it's enough that yuu realize that the fuselage is designed su Ohat 
the various types of stress arc distributed throughout the fuselage, ivjost 
aircraft which have trussed fuselages use the Warren truss (Fig 54). THt 
members in this type of truss can carry either tension or compression. 
When, the load acts in unc direction, every alternate member carries ten- 
sion while the other members carry compression. When the luad is 
reversed, the members which were carrying cumpressiun now arc sub- 
jected to tension, and those which were carrying tension arc under coq- 
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Rgurt 54. Ttn Warrwi Tom. 



prcssion. The tniss itself consists of a welded tubular steel structure 
longerons (horizontal members) and diagonal braces. These features 
makejt rigid, strong, and light. 

The truss can be covered with a metal or fabric cover. Since we* re 
building our own plane, we*ll use fabric. We want a smooth external 
surface so that less drag will be generated. To produce a smooth surface, 
the fob^c Qover is put on fairing strips, which are thin flat strips of 
wood or metal. These fairing strips run the length of th^fiiselage in line 
with.^he direction of flight. The top of the fuselage usually has several 
.such members arranged in the form, of a curve, or it may have a single 
c\jrved sheet of a l^ight metal, such as aluminum. This curved upper por 
Udh (called a turtle back) is simply a fairing,^ and its pUrpose is to, cut 
down air resistance (see Fig 55); 

The scmimonocoque type of fuselage is used in most military aircraft. 
The word monocoque is French, and it means single shell. In the true 
monocoque fuselage, which few aircraft use, all, the stresses are carried 
by the shell or skin itself. The de Havilland. Mosquito, bne of the 
triumphs of World War II British aircraft design, was one of the last 
really notable aircraft to use this type of construction. 

As Its name implies, the semimonocoque t>pe uf construction allows 
for both the skin of the aircraft and the internal bracing to carrj the 

o 
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Stress The internal bracing is made up of longitudinal members, called 
stringers and vertical members called frames (sometimes called , 
bulkheads) The stringers are attached to rings or formers which run - 
around' the fuselage and serve chiefly to give the fuselage its shape (see 
Fig 56). 

The semimonocoque type of fuselage is easy to build in streamlined 
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form and, as >ou,'ve already learned, the streamlined furm is the most 
efficient shape for muvmg thrd%h the air. If it is built with flush rivets, 
it becomes a highly streamlined body all-rpeul, fireproof, and With 
proper projective coatings unaffected by climatic conditions For this 
reason, the scmiiriun^coque fuselage can take considerable punishment 
and still hold together. . 

The skin itself is usually made of sheets of alum^um alloy, although 
plywood has been used. In the future, we may develop plastics and other 
synthetics which will replace metal alloys aspfficient, rigid, strong, and 
safe skins. * ' ' 

You may encounter the term load factor in 'your study of aircraft 
structure. Load factor simply means the load placed upon the aircraft 
under various conditions of flight. When an aircraft is flying straight and 
level, the wing load is equal to the weight of the aircraft If the pilot 
pushes the controls forward or pulls them back, additional forces are ex- 
erted which clfange the load on the aircraft. Rough air has the same 
effect, although it generall> is not s<) great as pushing forward or back on 
the controls. 

Aircraft must be designed, then, to carry not only the loadsof normal 
flight but also those loads developed in reasonable maneuvers and in 
gusts. To save weight, most aircraft parts are made of extremely thin, 
high quality material Corrosion, rust, scratches, or nicks may weaken 
them and cause structural failure or c6llapsc of the part in flight 

In keeping structural weight to a minimum, aircraft designers always 
lake ultimate load into account. Ultimate loa4 is the load that causes 
structural failure. If ultimate load is exceeded, the aircraft will come 
apart. UUmate load is customarily fixed at about one and a half times 
the maximum apphed load. The maximum applies! load is the greatest 
load to which the structure will be subjected m flight The ratio between 
the maximum applied load and the ultihiate Iqad is called the safety fac- 
tor. . ^ 

Regardless of the altitude or position of an aircraft, whether iris 
parlc^tl, taking off*, flying straight and level, turning, performing 
acrobatic maneuvers, descending, or landing, stresses occur on the 
fuselage structure. The truss type assembly acts like the structure of a 
bridge, since loads are distributed by the parts to the entire ftiselagc The 
semimonocoque type of constr'uction'gets its strength from the metal 
skin or shell, which is, in turn, reinforced by the internal rings an<^ 
stringers. 

Wing construction is basically the satnc in all types of aircraft The 
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Rgure 57. Ocxw(ructk)n Of • Ck?lH CoMi^ 



lenn$ used to describe the elements of wing constructiiDn will look 
wmiliar to you^since many qf them are the same terms we've just dis^ 
cussed in fuselage construction. The two basic materials used in win^ 
construction arc wood and metal/ 

The main structure of a wood and febric wing consists of two' long 
spars (ibnptudinal members) running outward from the fuselage toward 
the wing tip. Curved ribs are secured to the spars, and they are then 
* braced and covered with special cloth which gives the wing its familiar 
curved shape. The fabric is then painted (or "doped") to make it tqugh, 
i strong, and weather resistant (sec Fig 57). • 

Metal wings are constructed along the same general lines, except tflat 
the ribs are generally made of light metal, and fhin sheets of metal 
replace the fabric. The metal wing is obviously ^uch stronger, 
therefore, it is used most often for military aircraft and large commercial 
aircraft. However, its increased weight and cost make it undesirable for 
jthe average light transport or sport aircraft (sec Fig 58). ' 

In order to^maintain it^ dll important aerodynamic shape, a wing 
must be designed and built to hold this shape even un^6r extreme 
stre^. To uiiderstand and appreciate the aircraft's design and strength, 
you'll need to know about the several types of \jnng construction. 
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In its simplest form, the wing is simply a framework composed , 
chiefly of spars and ribs. Spars youMl remember, are the mam members 
of the wing. They extend lengthwise of the wing (crosswise of the 
fuselage). "All the load carried by the wing is ultimately taken by the 
spars. In flight, the force of the aif acts against the skin. From the skin, 
this force is transmitted to the ribs, and then it is finally borne by the 
spars. 

Most conventional wings, particularly those which are covered with 
fabric have two spars, one near the leading, edge and one about two 
thirds the distance to the trailing edge. Some metal covered wings may 
have as many as five spars. In this type of wing, the ribs are either omit 
ted entirely or are made up of short sections fitted between the spars. In 
addition to the main spars, some wings ^Iso have what is called a false 
spar. The false spar carries the aileron, rather than carrying stresses. 

The ribs are the parts that support the covc/ing and maintain the 
shape of the wing. The main ribs, which give the wing its shape and carry 
the lift loads transmitted by the skin, are called form ribs These ribs 
normally do not carry any of the drag load. Nose nbs serve to maintain 
the shape of the nose section of the wing, smce the force of the air on this 
section IS much greater than on other sections of the wing. In addition to 
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these nose ribs, plywood or metal coverings help maintain the contour 
of the leading edge of the wing. 

A drag truss, composed of compression ribs, keeps the wmg rigid in a 
fore-and-aft direction. Often these ribs are simply round tubes. The 
compression rib at the inner end of the wing is called the root-rib. Two 
types of bracing wires are often used to strengthen the structure. Drag 
wires run from the inner front to the outer rear of the-wing, and anti- 
drag wires run from the inner rear to the outer front of the wing. In 
some wings, a diagonal strut replaces these two wires, since this strut 
may carry either tension or compression. 

If the wing is covefcd with metal, the drag truss is usually eliminated 
entirely, and the metal covering keeps the wing from losing its shape. In 
the metal wing, the covering itself also bears some of the stress, and this 
is why it is called stressed skin. 

So much for the wings themselves. Let's sec how they're attached to 
the aircraft ftiselage. Three systems are used to attach the wings to the 
fuselage, full CaiitUever^ semicanti lever, and externally braced. The full 
cantilever win^ feaiuirc^Un- exucmcly strong wing structure. This struc- 
ture is so strong that the v^ngs caii'be attached directly to the aircraft 
without any external bracing. 

In the semlcantilever wing, the internal structure of the wing is 
lighter and less expensive than in the full cantilever wing. Small 
streamlined wires or tie rods supply strength and rigidity to the connec- 
j tion between wing and fuselage. Sometimes, the wires or tie rods may be 
attached to the landing gear, if the landing gear is of the fixed type. 

The third type of wing structure is the externally braced wing. Heavy 
sti\i(5 or spars extend from the wing to the fuselage and the landing gear. 
This type of wing is even lighter than the semicantilfever type of wing, 
but of course the external struts increase the amount of drag the aircraft 
develops in flight. This Hjcrease in drag, you'll remember, will decrease 
the top speed of the aircral^ considerably. Fast military aircraft can't use 
this type of wing construction, but relatively slower and less expensive 
types of sport aircraft use it extensively. Figure 59 is an example of an 
externally braced wing. Then what kind of a wing docs a swing wing 
<;j«fcraft like the Fill have? If you think about it, you will realize it 
must be a full cantilever due to the extra stresses placed on the movable 
wing (see Fig 60). 



This imposing French term means tail assembly. Its derivation, 
though, is quite interesting. The French verb cqipcnner means '*to 
feather an arrow.** Why arc arrows feathered? To give them greater 
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stability in the air^ of on^scflSjis is aj^a the prin^ary function of the tail 
assembly We've alsc^ d6<^sed "hpw the control surfaces of the empcn 
nagc operate m the last ohajpter, ali \ve.want to do here is to point out 
where on the afrcraft these surfaces are lov^ated and 4IS0 to describe the 
noncontrol surface portion of the empennage 

If youveseen pictures of very early aircraft, perhaps you ve notifc.cd- 
that jnany don't have tail assemblies. This i& because the very early Avia- 
tion pioneers didn't understand stabUity as we do, today An aircraft 
without a tail assembly isjust about as unstable a$ a boat without a keel' 
Virtually all modern aircraft have some soft of tail assembly But ^ail 
assemblies, like wings, are designed with specific performance charac 
teristics in mindrtf*^, ' 

When you stand behind an aircraft and look at it, you'll usually see at 
least two small wihglike structures extending to the right and to the left 
and one vertical structure which extends upward from the fuselage 
Look more closely. an(^ you'll see that these structures are each divided 
in half (see Fig 61 ). Let's look at thq horizontal structure first , 

The front fixed section is called. the horizontal stabilizer. You can 
probably figure out from its name that its purpose is to help provide 
longitudifial stability. In most aircraft, it is a fixed section, however in 
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Rguro 60. F-lfl Swing Wing Positions 



some aircraft it can be adjusted so that its angle can be changed to cor- 
rect errors in longitudinal balance or trim. This adjustment is called the 
stabilizer control, and it is another of the "fine tuning" devices used to 
balance an aircraft in flight. 

The rear section is called the elevator, and we've already discussed 
what the elevator does it controls the angle of attack of the aircraft^ 
therefore it controls its speed. 
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Figure 61. Parts of the Empennage. 

The vertical strupture is also divided in half. The front section is 
called the vertical fin. Its main purpose is to help t^e pilot maintain th; 
desired direction of flight. The principle behind its operation is much 
like the principle of a deep keel on a sailboat. In some* light, single 
engine aircraft, the vertical fin serves to offeet the tendency of the 
aircraft to swing toward the direction in which the profiler is rotating. 
In this case; the vertical fin is offset slightly to.Sounteract the tendency of. 
the aircraft not to fly in a straight line. 

The rea^ section of the vertical structure is called the rudder. WeVe 
ah'eady talked about what the rudjJer does, it compensates for the ad 
verse yaw an aircraft experiences in turning. We Ve also talked about the 
trim tabs, movable auxiliary control surfaces attached to the elevators. 

What's in the empennage? How is it held together? The vertical fin 
and the horizontal stabilizer are built much the same way as wings, ribs 
provide the basic shape, spars hold the ribs in one unit, and stressed ski-n 
covers the surface. Elevators and.rudders are constructed much the same 
way. The two stationary elements, the vertical fin and khc hprizontal 
stabilizer, are firmly attached to the fuselage in much the same way as 
the wings are attached to the ftiselage. In some aircraft, external braces 
of one sort or another help to reinforce the connection. 



AIRCRAFT STRUCTURE 
HVl)R\l IK WDiUFX TRK \l S^SIIbAlS 

These two auxiliary systems are actually among the most impcirtant of 
the aircraft's components. Your family car uses both-typesof systems, as 
well The whirring sound you hear when-you turn t,he key (activate Ihe 
starter) in the car is actually an electric.nfotor. That safe and satisfying 
thump you sometimes hear when you hit the brake pedal is the hydraulic 
brake system, multiplying the force of your foot and stopping the car. 

Hydrtulics - A 

The aircraft's hydraulic system operates the brakes, lowers the land- j 
ing gear, and extends and lowers the flaps. In the case of a propeller- 
driven aircraft, |hc mechanism which controls the pitch of the propeller 
may be hydraulically operated. The word '^hydraulics" comes from. 
Greek words meaning "water tube.'' ^ . 

More than three centuries ago the French mathematician and 
philospher Blaise Pascal stated what we know todaj/ as Pascal^s Law: 
pressure exerted anywhere on a liquid in a closed container is transmitted 
undiminished /(? all parts of the wall of the vessel contammg the liquid. The 
pressure acts at rignt angles to all surfaces with an equal force oni equal . . 
areas. 
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Figure 62 Basic Hydraulic System • 
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What does this mean? It means this, when you confme a flufd, such as 
oil, in a container, the fluid does more than just transfer pressure put on 
it to something else. It multiplies the original pressure. kere*s how. 
assume that attached to the container of hydraulic fluid are two pistons 
and their cylinders (see Fig 62). Assume that one of these has an area of 
1 square inch and that the other has an area of 10 square inches. If one 
pound of pressure is placed on the smaller piston, 10 pounds (10x1) 
• of pressure jvillbe exerted by the larger piston. This is true because the 
pressure applied on the 1 square inch surfate of the small piston will be 
transmitted undiminished to each of the 10 square inches of the surface 
of the larger piston. In addition, pressure applied to one. piston in a hy-. 
-draulic system is transmitted undiminisjied to all piston^ throughout the 
system. This is how you apply pressure eiju^ly to each of the four brakes 
on a car. If youVe ever used a lever to pry up a rock (See Fig 63), you 
know that you can exert more force than you could if you tried to lift the 
jock direcily. This is called mechanical advantage, which is the samjc 
principle used in hydraulics. . \^ - ' ^ 

Because energy,cannot bi^created^r destroyed, there^rmkt be a loss 
somewhere in the large piston. Like the lever urtder the rocV., the loss 
comes in the distance and speed the targe piston travels. Referagain to 
, Figure 62. If the small piston travels downward 2 inches, the large 
piston will travel only one tenth that distance or .2 inches. This is 
because the area of the large piston is 10 times the area of the small 
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Figure 63. Mechanical A<ivantage of a Lever 
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piston (2 + JO = .2). You can readily see that if the large piston Pavels 
only 2 inches during the same time the small piston travels 2 inches, the 
large piston must be traveling more slowly. 

By using the mechanical advantage gained in the hydraulic system, 
the pilot can exert great pressures on aircraft control systems or struc- 
* tures Aircraft have hydraulic pumps to generate the hydraulic pressure 
necessary to operate the various components of the aircraft. 

Electrical Systems 

An aircraft in flight also makes many uses of electricity. Radio com- 
munication depends dh electricity. The propulsion ^systerr^^ generators 
charge storage batteries, magnetos provide current which spark plugs 
convert into sparks that in 4urn ignite the ftiel mixture which keeps the 
propulsion system' operating, solenoid switches usg> electric currents 
from batteries to supplement the pilot's muscles. maWng it possible to 
operate large switches, valves, and mechanical devices from the cockpit. 
Electric motors further increase the power at the disposal of the pilot. 
They help him start the engines, and they may help him operate the Haps 
or change the pitch of the propeller if these last two aren't hydraulically 
operated In fact, these electric mp^ors can be adapted to serve aliiost 
-anywfiere that power is required. 

. I \\m>U (iEAR 

Without landing .gear, the grinding and scraping of a battered 
airf^lane fuselage on the runway could be very hard on tHe ears. Ob- 
viously,"the landing gear only comes into use during takeoff and land- 
ing .The .Wright brothers however woi^e mort concerned with getting 
their aircraft off the ground than with landing it safely. Their crude 
landing. gear consisted of a ski, or runner, which slid^dovvn a greased 
tracK on the tak,eoff and merely skidded along the ground on landing. 
This type of la/iding gear created a great deal of friction on takeoffs and 
failed to absorb much of the shock of landing. For our purposes, the- 
two main functions of the landing gear are. to assist takeoff and to ab- 
sorb the shock of landing. 

' ^Landing gear may be classified as either fixed or retractable. As the 
name implies, fixed landing gear remain in the same position ,even while 
cruising at altitude. More thrust is required to overcome the additional 
drag Most light aircraft today arc equipped with fixed type landing 
ge^t Ballopn type, low pressure tires are used extensively on this type of 
landing gear to help absorb the landing shock. 

In order to eliminate the drag of the landing gear during flight, on 
most larger aircraft the wheels and struts arc usually retracted into the 
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aircraft. The landing gts\x may be retracted into Various places in the v 
aircraft depending on where the landing gear is located. For example, in 
some aircraft, the landing gear retracts, Outwardly into the wings In 
others, the landmg gear retracts inwardly into the wings, the fuselage, or 
the engme nacelles. Regardless of the tyj^ of gear, it must be designed to 
absorb shock. ' ' ; ^ > ' 

The mostiCdmmon type of shock absorber in use today iyhe oleo 
strut, oleo mer^ to oil. Oleo struts are shock absorbing d<w:es using 
oil to cushion the blow of landing. This type of shock absoiWr is part of 
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Rgure 64. Principle of 6leo Strut Operation, 
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the main strut supporting the vvntels and is composed of an outer 
cylindertitting over a piston. The pistofi is on the end of a short strut at- ^» 
. tached to the wheel axle. Between the piston and a wall or bulkhead in * 
the outer cylinder is a space filled with oil. The impact of the landing 
pushes the piston upward, forcing the oil through a small opening in the 
bulkhead into the chamber above it^xushioning the shock (see Fig 64). 

To aid in controlling most aircraft^on the ground, the mam wheels of 
the landing gear arc fitted with brakes. The left and right gear brakes 
operate independently. Brakes are used to slow up a fast rolling aircraft 
and as an aid to steering and parking an aircraft on the ground. For ex> 
ample, pressure on the left brake and slightly advanced throttle will 
cause the'aircraft to turn to the left aro.und the left wheel. Aircraft brakes 
aren't used as often as automobile brakes, however, because the weight 
and speed of the aircraft often can cause overheating, warping, or possi- 
ble destruction of the brake mechanism. 

Should a brake "lock" on landing, the tire could wear thru in a sec- 
ond or two and contribute to a loss of control. For this reason, large 
aircraft now employ a safety device call^ antiskid which prevents the 
wheels from lockipg. If a wheel starts to slip, the antiskid releases the 
brake u^til the wheel is no longer skidding and then brake pressure is 
again available for braking. Ideally the antiskid will hold the landing 
-^J jy^eels at a point just before lockup so that maximum slowing is 
available without a locked wheel skid. ^ 

Antiskid also works where the surface is slippery such as on, patches 
of ice. As with many things pioneered in the aviation industry, antiskid 
is now being adapted to automobile use. Let*s look at landing gear 
wh6el arrangements.* 

Three major systems of landing gear placement are in use today, the 
conventional, the tricycle, and the bicycle. The conventional landing 
gear consists of two main wheels and a tail "Wheel. The center of gravity 
of the aircraft is behind the mam wheels, which are jocated^oward the 
front of the aircraft. The tricycle landing gear, as you can guess from its 
name, has three wheels, two mam wheels and a nose wheel. This type of 
landing gear makes the aiA:raft easier to handle on the ground and it 
also makes landings much safrr. Visibility is improved. Additionally, 
any tendency uf the aircraft tp veer to one side or the other when it is 
rolling on the runway is compensated fur by the natural tendency uf the 
center of gravity to follow a straight line. The aircraft then tends tu go 
straight ahead, rather than to one-^idc or the other. ^ / 

Bicycle landing gear is fuund on certain aircraft which have engine 
pods, rather than engine nacelles (Engine pods arc engine nacelles 
slung beneath the wing). The two main units arc set up in tandem, one 
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behind the other, and on many heavy aircraft, each unit may have multi- 
ple tires. (The C-5A has 28 wheels.) Auxiliary wheels on the wingtips 
such as on the B-52 or U-2 provide additional support on the ground 
•Large transport aircraft, equipped with bicycle landing gear, are ex- 
tremely heavy, requiring more wheels so the load can be distributed 
more widely over the runway. This protects the landing field 

This chapter covers the external parts of the aircraft and their opera- 
tion, parts all work together to make the whole aircraft fly Power 
plant, H^lagc, wings, empennage, and landing gear are all equally 
/accessary to the successful operation of the machine The hydraulic and 
clectncal systems provide the means to operate the aircraft systems But 
the pilot IS the most important "system** of all.^The well-train^ pilot*s 
primary job in a well-designed an^l properly rftaintained aircraft is to 
manage all of these complicated systems and subsystems, and he does 
this primarily by means of his "know-how" and his aircraft instruments, 
our next major topic. 
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THINGS TO DO 

1 Go examine an aircraft Point out the various pans and explain what they do. If you 
are unable to see a 1^1 aircraft, use a detailed model 

2 Visit an aircraft n«ifacturmg plant. 

3 Perform expcrimcW demonstrating tension, compression, bending, shear, and tor- 
sion 

4 Compare the electrical and hydraulic sy*cm of a car to those on an airplane. Do the 
same for an automobile shock absorber system and ao aircraft landing gear. 

5. Find out what hydroplaning is Does it also apply to cars'' 
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^ ^ RFMFU QIESTIONS 

.1. The propellen 
a« provides thruit 

b. is essentially a curved airfoil 

c. works because of Newton's Third Law ofMotion 

d. ail of the above ' 

two functions of the engine cowling. ^ . . ^ ' 

3. Define engine nacelles. ^ ^ * 

4. The RUiin or body part of the aircrafl is called the ' . 



5. Match the type of stress with the appropriate action; 

a. tension L folding 

b. compression , 2. shaving 

c. bending 3. twisting 

d. shear • 4. pulling 

e. torsion 5. sqtteezing " • . 

i True or False. Although jome menil>en of an aircraft are subjected to more than 
one type of itressi some can only carry one type of stress. 

i 

1 Tree or False. Members are stronger in bending than they are in tension or com- 
pression. 

«. Name three good features of the Warren truss. 
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9. The iwelded steel tras&ysemigionocoqiic'^type of fiiselige f used in most military 
lircrmfl. * *, ^ , 



10. Pefine load faictor. 



11. The gremtes( load an aircrafi'Vill have to carry in ai(bt ^called the: 

a. mai^imttm 'applied load 

b. ultimate load , • 

c. stfet^ fiaclor * 
, ' d. all of the above , • * - r ' 

♦ . "* 

IZ. Match the elements (»f constnicTtlon with their proper location (locations mji)i be 

used more than once). , , ' 

a. losferons 1. wlrtf 

b. birint strips -2. ^la^ 

c. spars 

d. stringers 

e. ribs 

13. Rather than carry stresses, the ! carries the aileron. 

\a. Match the tVpt of wing construction to the proper description: 

a. fitll cantilever 1. used on retativUy inexpensive aircraft 

* b* ^s*micanjtllever ^ 2. uses strtamlinedVi m <^ti^ rods' . 

c. externally-braced ^ 3. extremely strong^rt^sliSclure 

IS. What is. the primary function of the tail a$sembl)^tor empennage)?^ 

14. Matca^l)e*kp*proprlfl« 'fixed and raovabje airfoil sect ion5i ' ^ ^ * 
a« wlii| / ' . . , elevators * ^ ' * , 

.V v*. •jrerticti fin . * 2. allerov ' 

1 c. hdmaAtaritaKUltti- 3. fnddeV * . . * - ' • 

- - - . . . • 

17. Av^oi^vtth a five sgoart inch areiU ctmncue^ 1l}^inra)ldd^ lo one with ^f * 
teen aqmrre Inch area. If Jhe flVt inch piston is moved withal wo *jJotttttb v 
pressure, how mnch pfessnirt will be exertH by thc^lfirger pi^ton^,. 

^ </ 

15. in the example above, tf the shuller i>iston travels six inches, how' Hr will the 
larger one travel? • ' . * 

19. I^ame.thVee psei for electrical systems in ahrcraft. 

20. An aircraft with retractable labding gear will require (mcyre less) »hnBt 4han 
similar craft wit(i fixed gear. 

21. . JVhai is t fie most common type of landing gear ihocji absorber? ^ , 

22. A device designed to keep aircraft wheels fpim locking on landing is clillcd (an- 
tifocWantlskid).- ' , ,\ " 

Q 1 • . i06 ^ 
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23, WWch of the foUowlBg landing gear arraagements has a^oM whtt\\ 
a, conrentiottal ^ , . ^ * - > 

. "b, tricycle * ' ' * * < 



c, bicycle • * % 



24. When the tpiin luits arc gp one behind tbe other, the aiterafi is said to have 
^landing gear, \ , , 
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Tfc(l$ 6HAPTER ffttroduces yoq to bastQ^alj^craft instruments. Vou 
will tead aboy how Instruments may be ctassifiecl. You will then 
examine engine Jr^ments, navigation instruments, and fligitt 
instruments. After you have studied ti^ls t^>apter, you should jt)e 
able to:.{1) discuss various wajfs in wlitch instruments noay be 
dfissi^ed; (2) tell what eacK daas of instruments does and how it 
works; and {3)i explain h<*v several fltgirt <^o\ Instrument? are 
\usad. * . ' ^ * . / / 



WHAT A LOT Qf dials and gauges! How can one man possi- 
bly keep track of a]l of them? I c6uld never to do anything like 
that. I have a hard time reading the gauges on my tar," This might be 
your reaaion the first time you take a lotig hard look at the instrument 
panel of a modem day aircraft (set Fig 65). tqday s autoo^obile has 
several gauges with which yoti are probably familiar, ^pcedwmeter, 
odoqcter (mileage indicatorX.fuergauge, temperature gauge (of warn- 
ing light), oij pressure gauge (or Avamin^ light),^and, possibly, a 
tachometer (engine speed gauge). You may also,scc some uthcr switches 
aijd gauges as well, heater controls, vcnfllation controls, air condition- 
ing controls, windshield wiper control, light switch, pi)wer antenna 
control, clock, radio, stereo tape deck, and the lis't a.>uld go further. 
You don't think that this is an excessive number of controls, primarily 
because you Ve used to seeing all of them and knowing what they do. (If 
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> AlRCRAFf INSTRUMENTS 

you Ve just learning to drive, relax, tfiiswilkall become seCond nature to 
you.)^ , / ' , • • 

The pilot in today's aircraft is hiuch like you w,hen youVc^drivmg. he' 
knows where his inslruin&nts are and whiVtticy do. He just has m^ire 
struments to watch, because an aircraft is a mbre' complicated piece of 
machinery? than an automobile. Irt tlus chapter, we will discuss various 
classes of instrunjents, their operation^ and the infprmat'ion the pilot 
gets from them Wo'rc sure j^ou will agree that instruments in an aircraft 
arc not as 'confusing as most people think they are. Like eac4y 
automobiie instruments, the first aircraft msttufnents.yvere.very simple., 

.' The earliest flfecs had ,10 rely on thpir senlses^a^ tjiere were', no flight 
4n6trumcn» Although (hey were very primilive by today sundards, * 
many early instruments proycd I'p be adequate fpr "low and slW - 
aircraft! ' ' . , > : , • - . 

Speed of the aircraft was firsVjudgcd b> the force of the wjnd op the 
pilot's fact and^the whine of the wmd through the rfgging. ff the pitch of 
the wind whistling through the Wires w^s right, his speed was correct. 
Early airspeed indicators were merely wind gauges and today's aftspced. 
indioatofs still use the iippjirt of the outside air in measuring airspeed. 
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♦ When you could see farther than you intended to fly. a heading in- 
dicator and navigation instruments were unnecessary luxuries. 
Similarly, altimeters weren't of much value when the aircraft could get 
only a few feet off the ground. Like ihp airspeed instruments, altimeters 
and heading indicators today use basically the same principles as those 
first developed. 

. " Do you r^ognize the instruments in Figure 66? ^Tiile it was possible 
to estimate how long your gas would last, it was also very easy to forget 
to check takeoff time and then have to guess when the gas would give 
out. The f)roblem was solved by puttmg a stick with a 'cork on it in the 
gas tank. By tying a piece of colored string to the top of the stick, 
aitother safety feature was added. ^Tien the string disappeared, it was 
time to land. • ^ 

The attitude of the aircraft was extremely critical in early aircraft. 
Some early pilots solved p^rt of this problem by tying a piece of heav> 

* string to th« aircraft. If the string was flying straight back, the pilot was^ 
doing fine. However, if the free end of the string was off to one side, he 
was either in a skid or a slip. 

Thes^ early instrument^ were designed to give the pilot specific infor 
mation-about the engine or the attitude of the aircraft. All <iircraft in 
struments can be classified according to how they assist the pilot. 

INSTRTVIENT (XAS,SlFIC\nON 

\ Aircraft mjlruments are classified either in terms of their use or in 
terms of the principle unficrlying their operation or construction We 
plan to discuss these instruments in terms of their use, but we also w ill 
explain some general principles underlying their construction 
However, what the instruments tell the pilot is far more important than 
how the instruments work. ' 

Instruments classified by their use fall into three major groups 
engine instruments, navigation instruments, and flight instruments 
Engine instruments keep the pilot and flight engineer aware of engine 
speed (measured in revolutions per minute, or rp^m). engine tcm^ 
pcratyre, oil pressure, fuel supply, fuel flow, manifold pressure, car 
buretor prc^ure. and the like. Navigation instruments, which help the 
pHot find his^way from point of departure to destination, include the 
clock, the compass, the dicectional gyro, the driftmeter, the sextant, the 
radio, radar, loran. doppler. radio direction finder, and so forth 
Flight instruments inform. the pilot of hi^ altitude, the airspeed, and the 
attitude of the aircraft. When you look at' the instruments in thfe way. 

. you can see that each one has a separate functional purpose and that tjic 
pilot gains'uscfui information from of the instruments. In other 
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Rgure 67. Thd Qyroscjope. 



words, even though the instrument panel of today *s aircraft looks (Com- 
plicated and confusing, toda/s pilot needs to know all of the informa- 
tion which the instruments give hint 

Instruments can also be classifiejd by their principle of operation. The 
three major groups are mechanical (including gyroscopic) instruments, 
pressure instruments, «md electrical instruments. We won*t go into any 
lengthy explanation of the finer details of how these instruments are 
cohstructcd or why they operate. The important thing for our purpose is 
to tell you what information the pilot gets friOra his instruments. 

Some mechanical instruments work by means of a direct mechanical 
Unkagc. For example, a'^gear system may be attached directly to the 
engine of an aircraft* in order to give a reading on a gauge of how fast the 

^ engine is operating Other mechanical instruments work on the princi- 

* pie of thc.gyroscope (see again. Fife 65). 
' Because the gyrosajpc is used so extensively in flight instruments, we 
will review feriefly how it operate^. A. gyroscope consists of a heavy 
wheel mounted so that it is free td rotate on its axis within a framfc. This 
frame is designed so thatnhe gyro'cah mgve in one or both of the aw 
perpendicular to the axis of rotation. Two principles undcrlietl^e opera- 
tion of the gyroscope, rigidity m space and precession. Rigidity in 
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space is the characteristic that makes a gyroscope point constantly to the 
same direction in space. For example, if you Jield the gyroscope in 
Figure 67 by the base, you could move the base to any position, but the 
gyro would still point in the original direction. Precession is the charac 
teristic that makes the spinning part of the gyroscope move at right 
angles to the force of the weight applied to it. This description is greatly 
oversimplified, of course, but these are the principles that make a 
gyroscope a useful tool to the pilot and the flight engineer Because it is 
not influenced.by magnetic disturbances, it is extremely useful in head 
ing indicator instruments. 

Pressure Instruments work on the principle of a fluid Such as air ex- 
erting pressure. We discussed this at some lengltx in the sections dealing 
with lift and the atmosphere. Air has weight, and hence, it can exert 
pressure. Pressure decreases with height, and pressure instruments use 
this prmciple to tell the pilot various things about the performance of his 
aircraft, e.g., altitude and airspeed. 

Electrical Instruments operate on the principles of electricity, in- 
cluding magnetism. You probably have studied electricity and magne 
tism in some of your other classes. Also, it is covered somewhat in other 
units, so we won*t go i^ito those principles here. Electrical instruments 
often t!ake the place of mechanical and pressure instruments and are 
being used more and more in modem aircraft. 
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As aircraft engines have developed and become more complex, the 
number of mstruments the pilot needs to" keep track of engine opera 
tions has increased. The purpose of the engine instruments is to keep the 
pilot informed of the operating conditions of his engine The engines 
used m the early days of aviation generated comparatively little horse 
power. These e ngines required only a tachometCL- an^ ^emperaiure 
gauge, and a water temperature gauge. Jhc modem reciprocating engine 
requires all of these plus gauges which show oil, fuel, and manifold 
pressures. Itidicators which show the temperature of the air, the carbure 
tor, and xhe cylinder heads are also necessary. 

The tachometer tells the pilot the speed at which his engine is revolv 
ing (see Fig 68). The instrumenj^ itself may be either mechanically or 
electrically operated, depending on the size of the aircraft and the num 
ber of engines involved. Because reciprocating engines run best at Cer 
tain engine speeds, the pilot need^s to, be able to tell, at any given instant, 
how fast his engine is running. Another reason the pilot needs to know 
engine speed is that he has to keep his engine at the proper operating 
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Figure 68 Typical Aircraft Engine Instruments 
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speeds 50 that it do?:sn't ''conk out" and leave the aircraft without any 
source of thrust. 

The temperature gauges tell the pilot the temperature of the engine 
Qil, the engine cylinders, and the carburetor intake air. If the engine oil 
temperature exceeds certain limits, the engine will overheat and possibly 
V put out of commission. If the engine cylinder temperature is either 
too high or too low, the engine will not run efficiently. The pilot needs 
to know the temperature of the carburetor intake air in order to make 
sure that the air will mix properly wilFThc fuel. If the intake air is too 
cold, the carburetor may "ice up", that is, the water vapor in the air may 
freeze in the carburetor, and the engine, in turn, may not get enough 
' fuel. , ' 

The pressure gauges tell the pilot the pressure of the engine oil, the 
fuel, and tho manifold. The pilot has to know the pressure uf the engine 
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oil a$ well as its temperature. The oil pressure gauge tells him the 
pressure in pounds per square inch at which the lubricating oil is being 
supplied to the engine's moving parts. The gauge which shows fuel 
pressure is really telling the pilot the rate of flow of the ftiel from the fuel 
tanks. Naturally, he needs to know this in order to figure out how long 
his fuel supply will last. The manifold pressure gauge provides the pilot 
with a good indication of the power being developed by the engine. The 
manifold pressure gauge serves to measure the density of the fuel air 
mixture entering the engine, and this ddnsity can give the pilot a good 
indication of the pQwer which thtf* engine can develop. - 

Do you know why so many aircraft systems operate under pressure? 
Really, it's quite simple when you think about it. Unlike ari autOmolfile, 
an aircraft may operate on its sid^ or even inverted for \ot\g periods of 
time. A gravity fu»l system would soon result in fuel starvation leading 
to a very frightening silence. An engine that is properly lubricated only 
in an upright position would not la$t long'. In aircraft, pressure systelps 
offer the only means of insuring that all parts will continue ^o operate in 
any attitude. . * . . « ' 

Another important gauge for the pil^t is the fuel quantity gauge. ^ 
yf This gauge may bne constructed in one of several ways, b\it no matter / 
how it .is built, it tells the pilot how much 'fuel he has ort board his 
aircraft so that he doesn't run out. " 

There ^re many other aircraft engine gauges. As engines become 
more complicated, more gauges are required. The gauges wf've just dis 
cussed, though, are basic to reciprocating engines. 
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Because you^will be covering an entire unit on navigation which con 
tains a chapter dealing specifically with, navigation instruments, we'll 
discuss this class of instruments only briefly here. Althdugh modem 
aircraft have many navigation instruments, virtually .all aircraft have^ 
four basic navigation instruments, a clock, an airspeed indicator,*a com 
pass, and an altimeter. The navigation book will discuss the construe 
tion and function of each of these instruments in some depth, and it will" 
also point out why each of these instruments is essential to the safe pilot, 
ing of the aircraft through the air, from take-off to landing. Some addi 
tional information on instruments can be found in Civil Aviation and 
Facilities, 

We would do well to point out here that the line between navigation 
instruments and flight instruments is sometimes hard to dfaw. Certain 
instruments are clearly navigation instruments and nothing else. Other 
instruments, usually classed as flight instruments^,are of great help in 



AIRCRAFT -INSTRUMENTa 

navigation Sometimes, these inVtruments are called navigational pids 
(navaids for short). However, it might help you to bear in mind this dis- 
tinction Ivtween the two classy of instruments, jiavigation instruments, 
give the pilot a pi.feture of where his aircraft is in relation to the earth, 
flight instrumems, on the other hand,, tell thb pilot wl]ere he is in rela- 
tion -to the horizon. Let's move then, "^n^. examine fligh^t instru- 
ments. . * . 



ERIC 



FI mm INSTRl \U^TN ' ^ ''^ 

This class of instruments helps inform the pilot of his aircraft's at- 
titude with reference to the horizon. We just mentioned the fact thatlt is 
sometimes hard to decide which instruments are flighi and which are 
navigation instruments since cert^tin instruments serve two functions. 
The airspeed indicator and the altimeter are exampl)2s of this sort of in- 
strument. The airspe^ indicator \$ real^> fhe4suri'5&the sijeed of the ini- ^ 
pact air; hence, it is a flight ifistrument, bcican^ the^pilot Heeds to knotw 
how much lift his aircraft is" difevdopihg. Li)ft, you'M femember, is 
dire(5tly proportiorval to the velocity of the r^ative \^ind. the greater the 
relative wind, the^greater the afn(funt bf lift that will be generated, with- 
in Jjractical limitati6ns, of course. The airspeed indicator, then, enables 
- the pilot takee^ the airspeed of his aircraft above the ^talling^peed (Che ^ 
>peed at whicjh the-wings no longer generate enough lift to keepJhe 
aircraft aloft). * " • :/ ^ . ^ . , ' . * 

Similarly the altimeter can help the pilot ^dge^thb^ heigbt of the 
aircraft above a given refefcUce point. Since air denSitj; varies vfjiii 
altitude, the altimfeteV can provide the pilot with infcirmation about tlfe * 
(Jensity of the air through which hi* Ajrcraft^s flying. Lift varies^itectl]^ 
with^Mr density, ypu'W remember", the less dense the air, (he l^s^lift Will 
be developed, all other factors remaining equal, ^ ' ,* ^ 

The tdrn and bank indicator is a trOe flight instrument, II is The 
pilot's chief tool in judging how well He makes a turn. Examine Figure 
69 and you will see why it's often cpllcd a needle and ball. Ht is actually 
two instruments in one whiph work together with one purpose.' to 
evaluate the amount and the quality off a turn. Al you remember, a turn 
requires some degree of bank to prevent slipping or skidding. The nee- 
die an^ ball tell the pilot at a jglance if he is making a coordinated turii 
which simply m^eans he has the correct bank' for th^ rate of turn. This re- 
quires the proper combination of ailerons and rudder. Here's how it 
works. \' ^ ' ^ / 

The needle measures the direction and the rate of turn. The ball tells 
the pilot whether the aircraft is^slipping, skidding, or turning properly. 
As long as the pilot keeps the ball in the center of the glass, and assum- 
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Figure 69. The Turn and Bank Indicator C'Needte and Ball"). 

ing that he is using the rudder properly, he can be ii^ that the angle of 
bank is correct for the amount of turn his ai|:raft is making (sec Fig 70) 
If Ac needle and the ball are on the same side, he is slipping and needs 
to increase his angle pf bank. If the needle and ball are on opposite 
sides, the aircraft.is skidding and he must decrease his angle of bank 
The rate of climb indicator tells the {riloj the rate (in fect'per min- 
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(^<^ir)5n).Api)otc«iu50the Noodle and Ball' Indicator to oeo how woll ho is making a 

turn, 
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Rgure 71. Rate of Climb Indicator. 



utc) at which he is gaining or losing altitude (sec Fig 71). This instru- 
ment works on the pressure principle, it is actually measuring changes in 
barometric pressure and registering these changes as a rate of climb or a 
rate of descent We pointed out earlier that there is an important distinc- 
tion between rate of clixnb and angle of climb, this instrument registers 
rate of climb or descent, regardless of the attitude of the aircraft. 

Actually, several instrumerfts work together to tell a pilot he's "climb- 
ing or descending Lct*s suppose the pilot is sleepily flying along assum- 
ing everything is going smoothly. Then, without hia realizing it, the 
aircraft starts to climb or descend. What instruments would serve to 
warn the pilot'^ As wcjust discussed, the rate of climb indicator would 
show the change. Similarly^ the altimeter would show a change in 
altitude Another very important instrument in this case is the airspeed 
indicator Without a change in the power setting, airspeed will decrease 
during a climb and increase during a descent. An alert pilot, upon not- 
ing^a change in any of these instrument readings, will automatically 
check the others Another instrument, the artificial horizon, not only 
supplies climb and descent information, it also gives detailed turn and 
bank information. _„ ' ' 
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Figure 72. The Artificial Horiron. 



The artificial hofizon is a gyroscopic instrument which shows the 
pilot the relationship of his aircraft to the true horizon. Take a look at 
Figure 72. The miniature aircraft is fastened to the center of the instru- 
ment and moves with the aircraft. The horizon line in the backgrdUnd 
, moves so that it remains parallel to the true horizon at all times By 
means of this instrument, the pilot can tell whether he is flying straighf 
and level or whether he^s climbing, descending, banking^to the right, or 
banking to the left. 

Many aircraft have man> more instruments than those we've* just dis- 
cussed. Both civilian and military authorities require that aircraft have 
certain instruments to make sure that pilots will be able to fly, safely 
We've simply hit the high spots of aircraft instruments, pointing out why 
several of the more basic instruments are virtually a necessity to today's 
pilot. 



1 Examine the instrument panel of an aircraft 

2 ThcC'5 and C.I4i have advanced instrument systems which a»mbinc many mstru. 
mcnts Sec if ybu can find out how these work 
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engine instruments 
navigation iitstruments 
flight instruments 
mechanical instruments 
gyroscope 
rigidity in space 
precession • 
pressure instruments 
electrical instruments 



tachometer 
temperature gauges 
^essure gauges 
fuel quantity gauge 
turn and bank indicator 
needle and ball 
coordinated turn 
rate of climb indicator 
artificial horizon 
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3 Try to fly i flight shnuUlor and seeljow the controls affca aircraft movement. 
4. Find out what instruments Uryibergh had in -'The Spirit of St Louts" 

5 Have a class bramstorming Session to iprcdia what futur<L aircraft mstruSicnts w,ll 
be like 

6 Many times during and immediately after takeoff, the ball ,n the tum and bank 

. diattor vail be off center even though the wings are level. Fmd out what causes this 
and how it is corrected. • 

7 Operate a gyroscope. Demorfstrate preccssiorvand rigidity m space.* 

SUGGESTIONS FOR H^RTHER READING 

Aero Products Research Inc. Privatr Pihi Complrtr Programmed Course 6lh cd LoJ 
Angeles: Aero Products Research. Inc., 1973. . 

BRYA^^ LESLIB A Fundamentals of A^athn and Space Technology, Urbana, HI.: Institute 
of Aviation, University of Ulintfis, 1 973 «"«i»uic. 

T.'it'sir.ivo^' """"^ s...e ■ 

• MCK.NLEY. James L. and RAmi D. Bekt Bas^c Sd^cc of Aerospacr Vehicles. 4,h ed. 
Nov York. McGraw-Hill Book Cbmpany, 1 972. , •♦<n ™- 

REVIEW QUESTIONS . 

t True or F.ls.. Tlie ewllesl flier, relied more on iheir sen«, ,lun they did on In. 
simnents, 

2. One*of titc earliest atUtttde Indloiton was a: \ 
a» turn and bank Indicator* 

• b. gyroscope p 
c. piece of strfnl 

' d. Jar of water .| , ^ | • . 

y Three major groups of In^^ents ^la^sllUd tccordlnllo their use are 

• ,and ^ 



< Which of the following groapi of Initnunenta Is not classified accordlM to lu 
principle of operation? ^ «w» lo i», 

a. ntechanlcaJ 
b» fyroicopic 
c» eleciricml 
. d. |>res$«re ' 

5. • What two characterUtlci of a gyroscope make Jt a usefU tool to an aviator? 

^ TriK or F^lse/Altltttde b nsnally measntVd with an electrical rn|!r«menf! * 

7, What kind of gaugc^ressnre and/or l«iperattire) would y«i need to properly ' 
monitor the following engine pans? ' 
a. carbnretor Intake air * 

^ . . . V^" ' 121", 
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b. fiKl . " ^ 

c. esfiM oil 
MgiM cyilsden 

e. aumifold 

t. GUt two moons mhy aircraft engine systems should be »n4er pressnne. 

9. An ittstrvnent ssed to teU the aircraft location is called (a Oight instmmettt^ a 
ne€)^e and ball/ a naviption instntment). 

10. Name two instrvnents that mre both flight and navigation instraments* 

VL Deflne coordinated tnm. ^ 

12. Match the following terms and deflnitlons: 

a* i^rcraft above horizon ' ^ 1. needle left, ball centered 
b. slip« 2« descent 

€* rate of climb indicator 3. qnantity 

d. faeljpwge 4. too much bank 
e* coordinated torn 5. climb 

f. skid 6* feet per minute 

g. airspeed increase 7. too little bank 

IX What ittstrnmenu #ottld warn a pilot if he*s deKending? 
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Now that youvc finished reading this. book, let's see how much 
ground you covered. Put briefly, you've looked at the how, when, and 
why of aircraft flight from man's earliest known attempts to fly to the 
basic design and opetatioiv of today's heavier-than-air craft. 

As a starting point, we discussed Ncwtdn's Laws of Motion and 
Bcmoulirs Pnnciple because these basic physical law^ are the first clues 
to understanding what makes an aircraft fly. We also took our first look 
at lift, weight, thrust, and drag—the four forces which, when in' balance 
with one another, keep aircraft in straight andjevel, unaccclerated 
night. 

The next logical step was to examine the earth's atmosphere since this 
is where most heavier-than-air craft operate. We defined atmosphere 
and discussed its composition and structure and the properties of the at 
mosphere as they affect aircraft flight. 

In chapter 3, we got down to cases as to why a heavier than air craft 
can get off the ground and travel through the air. Here, we discussed air 
foils— what they are, how they are designed,, where they are on a plane, 
. and what ibeir fiinction is in relation to flight. We also showed the tela 
tion between the physical Ijiws discussed earlier and the use of airfoils to 
produce lift. ^ 

After studying lift, we looked at the other three forces? weight, thrust, 
and drag, as they affect aircraft flight. We examined how an aircraft can 
be designed to control these forcdi and put them to use in a check- and 
balance relationship, Ind we discussed what the pilot can do to control 
or counter these forces. We also looked at the effect of lift, weight, 
thrust, and drag oti the movements of helicopters. 

Up to this point we were Ulking about aircraft in straight and level, 
unaccelerated flighU But aircraft can maneuver and change speed, so we 
turned to the subject of aircraft motions and how they are controlled 
First, we looked at the three axes of rotation, the way the aircraft moves 
around them, and the terms that describe aircraft rotation about each 
axis. From the discussion of axes, we moved,to the concept of stability 
You learned what stability is and what controls are used by the pilot to 
' maintain stability about all three of the axes of rotation while maneuver 
ing his aircraft in various directions. You also saw how the physical 
principles involved m subility are retired to the way the pilot controls 
the aircraft. ' ^ 

In the next chapter we concentrated on the aircraft itself— the how 
and why of its cjonsuuction. First, we looked at the power plant and 
learned the names and funUiuns of its components. Next, we examined 
the two nlain types of fuselage construction and, to better understand 
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the reasons for these types of construction, we discusscki the stresses which 
act on an aircraft in flight. Then we lookfcd at the win^, the empennage, 
or tail assembly, the hydraulic and electrical systems', and the landing 
gear. 

Finally, we introduced you to the basic aircraft Inslrurtients. Here, 
you learned how instruments are classified, what the function of each 
classification is, and how each'cla&s of instruments wbrks. 

Of course, we don't expect you to be able to go right out and fly an 
aircraft just from reading this book, bufyou should have a better under- 
standing of how an aircraft gets into the air, what keeps it in flight, and 
how it gets back down to earth. 




Glossary \ 

• ■ A 

^absolate pressure The pres'sure of air relative to zero pressure, 

measured by means of a column ofjrxjsrcury. ' 
acceleration-The change in velocity per unit of time, 
adverse yaw-Tendency of a turning aircraft to be pulled around in^a 

direction opposite to the turn, caused b) increased drag on thje higher 

wing and corrected by use of the rudder, 
ailerons Hinged airfoil segments Vacated on the trailing edges of wings, 

used to produce a bank or rolling jnovemerit about the longitudinal 

:axis of the aircraft. * 
air A gaseous fluid which has mjiss and occupies space, composed pri^ 

marily of pitrogwi, oxygeny^ater vapor, and rare gases, 
airfoil Generally, any part ofan aircraft which is designed to produce 

lifti- * ^ . * • 

airspeed-Speed of 'the^ aircraft thrpugh the air. 
^ airspeed indicator Pressyre instrument which measures airspeed. . 
altimeter Pressure instrument >yhidi measures altitude above a stan- 
• dard reference point (usually sea level for light aircraft), 
angle of attack The angle between the chord of an airfoil and the rela- 
tive wind. ' , 
angle of bank Angle bbtween the aircraft wings and the horizon, degree 

of roll around the longitudinal axis. 
angle of incidence The angle at which the aircraft wing is fastened to 

.the aijcraft's fuselage (when viewed from the sid^). 
^ antidrag wires Internal. bracing wires running ^on\die inner front to 

the'outer r^ of the wing. ' 
antiskid- Brakihg^gafety feature which prevents the wheels from lucking.' 
artificial horizoo^'&^as CQpic instr ument which shows the pilot the 

relationship of his aircraft to the true horizon, 
aspect ratio The iratio between the square^of the span of an atrfoil and 

it^s area or between, the length and width^^of a wing, a measure of wing 

efficiency. . 
atmosphere Tfte body of air which 'surrouifds the earth, consisting of 

layers or zones. * . .. 

attitude Position of an aircrafl (airfoil) with respect to the horizon, 
axes pf rotation Three fixed lines of reference, each of which passes 

through the center of gravity of an airoraft^d is perpendicular to the 
" otJiei-two. . ^ 
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bendingTypc of stress which combines torsion on one side and com- 
pression on the other side of the member. 

Bernoulirs Principle As the velocity of a fluid increases, its pressure 
. decreases; also called Bernoulli's Law of Pressure Differential. 

best angle of climb Where the aircraft gains the most altitude in a given 
distance; used to clear obstacles. 

best rate of climb Where the aircraft gains the most altitude in a given 
time. 

bicycle landing gear Where the two main landing gear units have 
wheels set up one behind the^other, used to distribute the load more 
evenly, generally on heavy transport aircraft. 

boundary layer air Very thin layer of air next to the surface of a moving 
airfoit 

bulkheads. Vertical members of the fuselage frame used for internal 
bracing. ^ • , . . ^ ' 

burble point The point at which lift begins to decrease, sometimes 
c^lcd angle of maximum lift. 

bucbling'Where the air no jonger flows smoothly over an airfoil and it 
' breaks away from the surface forming eddies. 



camber The characteristic curve of an air^piFs upper surface (upper 

camber) or it^ lower surface (lower camber), 
center of gravity The point at which the total weight of an aircraft is 

assumed to be concentrated, 
center jof prpssure The point at which the toul force acting on an in- 
flight aircraft i$ assvimwkto be concentrated. \^ 
centrifugal force A force which tends to move an aircraft away from the. 

center of the curve it is following, 
chord An imaginary straight line drawn through an airfoil from its lead- 
ing d3ge to its trailing edge, 
compressibility That Characteristic of a fluid wKich pehnits it to occu- 
py varying amounts of space, 
compression -The stress which tends to push*materials together. ^ 
control-The central concept of guiding an aircraft. 
, controls Devices by which a pilot . regulates the speed, direction of * 
flight, altitude, and power of an aircraft, 
control surfaces Movable airfoils designed to be rotated or otherwise 
mdvcd by the pilot pf^n aircraft irf order to change the attitude of the 

aircraft. , • 

conventional landing gear Landing gear consisting of two main wheels 
and a tail wheel. 

, coordinated turn A turn where the pilot uses the proper combination of 
aileron and rudder resulting in the proper bank so that the aircraft 
dods not slip or skid. 
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. density-Mass per unit volume. 
dihedral-Where the outer en^s of the wings or hprizontal stablizicrs of 

an aircraft are higher or lower than the inner ends. y • 
dihedral angle-The angle at which the' wing slants from an imaginary 

UAe parallel to the ground. * ' , . \ 

* directional stability -Tendency to keep the aircr^ fl>ing in a given 

direction and prevent yaw (movement about the vertical axis). 
Bownwasb^The slight downward movement given to the relative wind 
, when it, passes over an airfbiU * * - ^ - 

drag-fhe force which tends to retard ah aircraft's progress through the 

air; caused by the resistance of air; the opposite of thrust, 
^rag wires-Jnternal bracing wires running from the inner rear^to the 

outer ftont of the wing. . ' ' ^ ^ 

dynamic stability-Thc tendency of an aircraft to return to its original 

position with a minimum of oscillations and Without pilot assistance 




effective lift-Vertical com\>onent of lift which acts to oppose and 
overqdme weight,. - ^ - " 

electrical Instruments -Instruments whicTi use electrical sensing devices 
to (letcrmine the magnitude of change. 

clevatbrvHiftged sections on the trailing eqgc of the horizontal 
. ^ stabiHztr used to control movement about thA lateral or pitch; axis. 

etnpennage-Tfie tail assembly of an aircraft, includes fixed and mova- 

/ ble sections. ' ^ \v ' 

: engine cowling- A cover for the engine. -^j 
engine instruments-Instruments used by the pilot to keep track, of 

engine, operating conditions. , • % t'**^ 

engine nacelles- Jhe streamlined containers used to house the engine 

" auxiliary systems.^" / . ' 

equilibrium-A -State" in which all the forces acting on a body arc ill , 
, /balance with one ahothe/. * , - ' . • 

exlernaily^braced *ing.Wings braced by external struts or braces con 
nect'ed to the fusch^^^ laijding gear/ • 

• " . ' ^' 

• - * . 

fairi|tg-Ah auxiliary structure added to an airci'aft component in order 
tS^give it a streamlined shape. • • / 

fairifig strips^Thin flat strips of wood, or metal used in fuselage. Con- 
struction. ' , . ✓ "'^ * 

false spar- A spar designed to carry the aileron rather than, to carry wing 
stresses. >M \ ' • j . ' * 

flaps- A movable^ section on the' trailing edge of the wing used to change 
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^.^tte airfoil camber and control lift, used primarily for takeoff and 
^-Jffliding for added Jift at low airspeeds. . , 
^flight instruments Instruments used by\hc pilot to determine airspeed, 
altitude, and attitude of the aircraft and to detect any changes, used 
primarily in aircraft control, 
fluid- A substance which may Be made to change shapcyjjo flowDy ap- 
plying pressure to it. _ 'z: ^' 

, force-Power or energy exertedjgairtst a material body in a given direc- 
tion; has both magnitucteland direction. 
Frisc aileron i^;^iJeit>iu^ so that when the aileron is raised, the 
Jeadiogedgc protrudes below the lower surface of the wing, increases 
^ - 'tlfag ^d acts to overcome th6 yawing tendency. 

full cantilever wing Wing attached directly to the aircraft without e\- 
teilial bracing. 




gravlty-Weightrihc^uir*^f a Iwdy^gii 

groundspeed The spccd^tantdferSlDver the groimd, it has no bearing 

on airspeedoMtajTspeed. \^ 
gyroscope A^ficavy Mcel free to rotate on its axis anHjnaunted so that 

it can rotate in two or more axes perpendicular to the axis of rotau- 

tion. ' ^ 



. ; " • ■ ■ 

horizontal stabilizer The front section (usually fixed) of the horizontal 
portion of the cnipennage, these two small winglike structures help 
provide longitudinal stability. 

Hydraulics Systems designed to use the mechanical advantagc,ubtained 
and transmitted using liquids in ^ system of pistons and cy|indei^ 

I , , 

impact lift Lift created by. the impact of the relative winjl striking the 
lower surface of an airfoil, an application of Newton's Third Law. 

induced drag-Di'ag caused as a result of creating (inducing) lift. 

ionosphere Upper atmosphere extending from roughly 55 to 250 miles 
altitude. Contains many ions (electrically charg^ particles). . 



jet st«^am High speed, globe circling wind located near the tro- 
popause; tisual speed, is 100-300 miles per hour. 

K 

keel effect Lateral axis stabilizing factor caused when more of the 
aircraft^s side surface, is above the center of gravity than below it, 
often produced by a. large vertical taU^urface. . * * " 
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landing gear-Thc undcrstructurc which supports the weight of the 
airplane while on the ground, wheels, skids, pontoons, skis, etc., 
which assist in takeoff and absorb the shock of landing. 

lateral axis-The pitch axis, it extends crosswise of the aircraft (wingtip 
to wingtip) through thc^center of gravity/ 

lateral axis stability -Tetidency of an aircraft to resist roll and to return 
to straight and level flight if the force causing roll is removed. 

leading cdge-Tbe front portion of an airfoil which meets the relative 
wind first. 

lift -The supporting force induced by the reaction of air with the wing, it 
r acts perpendicular to the relative wind in an upward direction, the 

force which acts-to overcome weight, 
load factor-The load ()laced upon the aircraft under various conditions 
of fligjit* expressed in "G" factors, it is greatest during acrobatics and 
high-stress maneuvers., 
longerons- The principal longitudinal structural members in a fuselage. . 
longitudinal axis-Roll axis which extends through the center o^gravity 

lengthwise of the aircraft (nose through tail), 
longitddinal axis stability Tendency of an aircraft to resist changes in 
pitch and to return To straight and level flightaf the force causing 
pitch is removed. 

M 

t — ^— . \ • 

mass-The quantity of matter in a body. i. ^ 
mecliamcal advantage The use of a machine (eTg., a lever, pulley, gear, 
or in(jlined plane) to. exert greater force than a man could through his 
> direct efforts. ^ 

mechanical instruments- Aircraft instruments which work by means of 

a direct mechanical linkage or by means of a gyroscope. 
member-Any part of an aircraft that carries a stress. 

N 

nacelle-A streamlined container for sheltering or housing an aircraft 

component. ' 
navigation instruments Instruments which help the pilot determine his 

position and navigate to his destination. . 
needle and ball-Turn and bank indicator, flight instrument used to 

evaluate the amount and quality of a turn, 
negative stability^-The tendency of a body to accelerate away from its 

originat state oflce its equilibrium is disturbed. , 
neutral stability -Tendency of a body to neither return to its original 

state nor to mbv6 further away once its equilibrium is disturbed. 
Ncwton*s Laws of Motion Three laws devised by Isaac Newton to ex 
plain inertia, acceleration, and equal and opposite reaction (See page 
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oleo struts-Shock. absorbing devices using oil to cushion the impact of 
landing. 



P • ' 

parasite drag-All drag components except those caused b> indiJced 
drag; composed primarily of skin friction drag and turbulent flow 
drag. ^ ^ 

Pascal^s Law^Pressure c?certc^ anywherfc on a liquid in a closed con- 
tainer is transmitted un^liminished to all parts of the wall of the vessel 
containing the liqwid.' 

payload-^Gen^ralty, the contents of an aircraft exclusive of fuql, crew, 
and otherwtems necessary to operate the aircraft. 

pitch-Rotation about the lateral axis of an aircraft or displacement 
along the longitudinal axis, controlled by the elevators. (Also refers 
to the angle a propeller blade makes with its plane of rotation). 

planform^The shape of a wing or an aircraft as seen from directly above 
or below. * . *r . 

positive stability-Tendency of a body to return to its original state 
when its ^uilibrium is disturbed. f • • , 

power loading-The weight of the aircraft in pounds divided by the 
horsepower of the aircraft. 

precesston-The characteristic that makes the spinning part of the' 
'gyrosi^ope move at right angles to a force applied to it. 

pressure-The force exerted by a fluid, measured in force per unit area. 

pressure-differential lift-Lift created by the application of Bernoullfs 
Principle; faster moving air over the upper surface of an airfoil 
causes a decrease in pressure on the upper surface, creating lift. 

pressure gauges Instruments which indicate the amount of pressure in 
SOme system, e.g., oil or fiiel. 

pressure instruments -Instruments which work on the principle of a 
fluid such as air exerting pressure, by sensing a change in atmospheric 

' pressure; for example, altitude and airspeed can be measured. 

-V ^ , ' ' * • 

ratp of climb indicator A^ressure instrument which tells the pilot how 
fast he's climbiqg or dcScending in feet per minute. 

relative pressure: A measurement of pressure relative to the existing 
outside pressure^ ' , 

relative wind Di^^tion of airflow past an airfoil relative to the path of 
flight; it is alweq^ parallel ana opposite irf direction to the path of 

. flight.' • .5 

reserve hor^power-Horsepbwer available over and above that re- 
quired for straight and level flight. , ' 



resultant The sum of two or more forces, taking into account both their 

magnitudes and their directions, 
ribs Parts that support the covering and maintain the shape of the wing, 
rigidity in space Property of a gyroscope which causes it to 9ppose«any 

force that tends to change it^ plane of rotation and point constantly in 

the same direction in space. ' 
rings ' Members used in semimonocoque construction which run 

around the fuselage and serve chiefly to give the fuselage its shape, 
roll -Rotation about the longitudinal axis of an aircraft or displacement 

along the lateral axis; controlled by the ailerons, 
rudder A movable control surface attached to the vertical fin of the tail 

assembly; it controls adverse yaw. 



^^ftty factor The ratio between the maximum applied load and the ulti- 
"^mate load. f 

semicantilever wing A wing of lighter internal structure than the full 
cantilever wing and one that uses light wires or tie rods either inter- 
nally or externally for bracing. 

semimonocoque type of construction Fuselage construction using both 
the skin of the aircraft and internal bracing to carry the stress. 

service ceiling Altitude at which the maximum rate of climb is 100 feet 
* per minute. 

shear Side stres^uch as that exerted on a rivet holding two pieces of 
metal together when an effort is made to pull the metal apart by slid 
ing. 

skid Sideward motion of an aircraft caused by insufficient bank to 

overcome centrifugal force, 
skin friction drag Caused by the friction between the outer surfaces of 

the aircraft anti the air flowing over the surface, 
slip Sideward motion 6f ^ aircraft to tt)e inside of a turn caused by too 

much bank, (i^so the pilot can induce a controlled slip by applying 

rudder and aileron control pressures in opposite directions), 
slipstream The stream of air driven rearward by an aircraft's propul 

sion system. 

slot A movable or fixed section on the leading edge of an airfoil design 

cd to help control airflow. 
slug-The unit of mass used in.the United States. 
span-The distance from wing tip to wing tip of an aircraft, 
spars M^in load carrying members running lengthwise of the wing, 
spoilers Small surfaces on an airfoil designed to spoil the smooth flow 

of air over the airfoil and reduce the amount of lift generated.^ 
stability Property of a body (aircraft) which causes it to return to its 

original position when its equilibrium is disturbed, without 

assistance from the pilot; also called static stability, 
stall The position of an aircraft or an airfoil in which it no longer 

generates HQ. 
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, stalling poiat' Point where Jift \$ no longer sufficient to support the 

^rcraft in the air» - 
statiastability-S^ef^bility.' 

stick- Aircraft control used ^ move elevators and ailerons, also can be a 
wheel. ' .. ( ' . 

straight and level Assumed to mearf^traight and level, unaccelerated 
fli^t, whbre^the aircraft is maintaining a constant altitude and is not 
accelerating or de^lerating, the forces of fli^t are in balance, not re 
latcd to attitude op angle of attack of an aircraft/airfoil. 

stratosphet'e Zone of the atmosphere extending from approximately 10 
'to 55 mifes in altityde;.middle ^UnospVere. 

stressed skin A metal aircraft covering (skin) which bears some of the 
stress. / 

stringers Longitudinal internal bracii^g members used in semimonoco 
que type of^fu^elage construction. 

supercritio^ wing Wing designed to reduce boundary layer separation 
and shock wave in the transonic sp6ed range. 

sweepback'Wii^g design where wing leading edges are angled or swept 
back toward the tail assembly, allows the designer to improve both 
lateraf and directional stability. 



iachometet: Instrument which registers the speed of the engine in 
/ revolutions per minute, 
tall assembly Empenjfi^ge, the rudder, elevaio^, and hofiapntal and 

vertical stabilizers.- ' ^ . 
tenpenttore gauges Instruments which indicate the temperature of the 
. oil, engine cylinders, carburetor^ntake air, and so forth, 
tension-stress which tends to pull member; apart. ^ 
titmst ^ Force ^hich gives an aircraft forward motion, the opposite of 

drag, y I ' ' 

tricj^Ie-Mnding gear Landing gear insisting of two main wheel 

cmblies and a nose gear. ^ » jf 
iorsion-Stress which tends to distort^ twisting, 
trailing edge The rear portioil of ah airfoil at which the upper surface 
\ airflow rejoins the lower surface airflow. 

tri|n tabs Small secondary control surfaces used to make fine adjust 

ments in aircraft-conttol. - 
tropopause The border be^e^^i^^tM^roposphere and the stratosphere, 
troposphere Lx)west layer, of the atmosphere from the surface upward to 

approximately 5-^10 miles; where most aircraft fly. 
tniss-A rigid framework. 

torbolent floy drag Drag caused by anything that interferes with the 
streamline ftow of air about the aircraft. / 

torn and l^anh^ indicator A gyroscopic flight instrumept lised to 
evaluate the amount and quality of a turn, n<^dlc and Vail. 
^ «^ 
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turtle btck-The curved upper portibn of internal fuselage consiruction 
designed to cut down air resistance. 

U 

ultimate load^The load that, if exceeded, wiil cause structural failure. 



velocity-Rate of motion in a given direction. , 

Vcnturi tube- A tube with a constriction or narrowed portion. 

vertical axis- Yaw axis; it extends vertically "^thru the center of gravity. 

vertical fin-Fixed front section of ycrtical tail structure. 

vortices- Whirlpools of air which trail out behind each wing tip, created 
by the higher pressure under the wing trying to flow over the wing tip 
to the lower pressure area on top, they are frequently Violent. 

' . ' W ^ 

Warren truss- Welded steel fuselage truss designed so the members can * 

carry cither tension or comprcssicSi. 
weight -A measure of the pull of gravity on an object, the opposite of lift., 
wing warping'Changing the shape of the.wing to control angle of atuck 

and lift. • o . . 

• Y * ' 

yaw.Rotation about the vertical axis of an aircraft or displacement 
along the longitudinal axis; controlled by the rudder. 
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Absoluto pressure, 19 
acceleration, 6-7 

yaw, 79-60 
Slerdhs, 67-77 
air. 14-15, 17, 19-22 
airloir. 25-27. 31-41 
airspeed, 79 
airspeed indicator, 119 
altimeter, 116, 118 
angle of attack, 29-30, 33-34..49 * 
angle of bank, 74-75 
angle of inckjence, 30 
angle of maximum lift. 35 
anBdrag wires. 95 
antiskid. 103 
Archimedes, 2 
artificial horizon. 120 
'aspect ratia 38^, 49 
atmosphere, 13-15, 17 
attitude, 2d-30, 112 
average chord length, 38-39 
axes of rotation. 58-59 ' 

B 

bending. 88-89^. 

Bemouiii. Om\o\ (See Bemouiii's Princi- 
ple) . / ^ 
Bernoulli's Principal, 8-9.J9-30, 33. 41 
l>est angle of climb. 72-73 
best rate of climb. 73 
bicycle landing gear. 103-104 
boundary layer air. 49-52 
buli<heads. 91 

brakes. 103 \ ^ 

burble point. 35 V " 

burbling, 34,*37 ^ 



camber, 26-28. 31,47 
Cayiey* Qeorge. 4 
center oi gravity. 45-46, 58 ' 
center of pressure, 34-35. 58 
centrifugal force, 74-77 
Chanute. Octave, 4 
chord,26-28 
climb, 71-73 
climbing angle, 72*73 
compressible, 17-18 
compressk)n,'* 88*89 



contid, 67 
controls, 67, 78-79 
control surfaces,^ 
conventi9nal landing gear, 103 
coordinated turn. 118 



daVInd, Leonardo, 2-3 
density. 19-22. 3647 
dihedral. 64 
dihedral angle. 64 
directk)nal stability. 6&^ 
dirigible, 4-5 
downwash. 61 
draa 5, 9-10, 47, 53-54, 78 
dragtnLtts,95 ' 
drag wires, 95 
dynamic stability. 60. 63 
I 

E 

effective lift 73 
electrical systems, 101 
electrical instruments, 112 
elevators, 70-71, 77, 97 
empennage, 95-96 
engine cowling. 87 
engine instrument 112 
engine nacelles. 67 
equilibrium. 59 
externally braced wing, 95 



fairing, 50. 90 
fairing strips. 90 
false spar. 94 
fiaps..40 

flightinstruments. 112. 116-117 

flukJ, 17 

force, 6-7 

formers, 91 

frames, 91 

Frise aileron. 70 

fuel quantity gauge. 1 t2-li6 

full cantilever wing* 95 



glider, 4, 37, 39 
gravity, 7, 78 
groundspeed. 79 
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gyroscope. 1^3-114 

H 

helicopter, 52-54 
horizontal stabilizer, 96 
hydraulics, 99-101 

1 

impact lift 32^f 36, 47 " 
irxtuced draa 47-49 
inertia, 5-6 

Instruments, 109.111-114. 
kxxjephere, 14-15 



letstream. 1$ 



keel effect* 64^ 



larxjing gear, 101-104 
t.ang}ey,'Samuel, 4 

lateral axis. 58 ' ^ s ^ 

lateral axia stability, eQS5 ^ 
\JBM of inertia. 6 ' \ 

teacSng edge* 27 ^ * - - 

llfl, 9^10, 32-37, 53-64, 73, 78-79 
Lilienthal, Otto. 4 
load factor, 92 
iQogerons, 90 ^ 
^JoQgitudinat axis, 58-59 
longitudina} axis stability, 61, 63 
lower camber, 28 

M 

Manly, Charles, 4 
mass, 7 ♦ 
maximum applied load. 92 
mnechanicaJ adymntage, 100*101 
mechanical Ihstruments. 113-114 . 
merYib^, 88-89, 91 

MongoKier, Jos^iph and Bienne, 3 * 
Montgomery, John, 4 

nacolles, 87 

navigation Instruments, 1 12 

needle and bait, 117*118 

negetlvQ stability, 59 

neutral stability, 59 • 

Newton, Isaac (See Newton's Laws) 

Newton's Uws of Motion, 5^, 10, 32, 41, 

46.87 



oleo struts, 102-103 



parasite draa 49,^1 
Pascal's Law. 99-100 
pay(oad.87 
pitch. 58-59 
planfbrm, 38 
positive stability. 59 
power, 7 

power loading, 72 
power p4ant, 87 
precession. 114 
pressure. 17-20 

pressure differential lift, 30^. 36^, 47 
I (Also see Newton's Law) 
'pressure differentia) (SeeNpressure 
differential (ift) 
pres^e gauges. 115-116 
pressure instruments, 114^116 
propeller. 87 



rale of climb. 72-73 
rate^c^ clPmb indicator, 118-119 . 
relative 'pressure, 19 ^ 
relative wind, ?M9 
reserve horsepowBr^2 
resultant. 35. 73. 75-77 ^ 
ribs. 93^ 

rigidity in spacS9, 113-114 
rings. 91 , ' 
roll. 58-59 

rudder. 68, 70-71. 77. 98 



safety factor, 92 

aemicantilever wing, 95 

semimondDoque. 87, 90^1c 

sendee ceiling, 73 ' 

shear, 88-89 * 

Shockwave. 52 

skid. 74-76. 112 

skin friction drag, 49-50 

slip. 75-76. 112 

slipstream, 63 

sk>ts. 39-40 

slug, 19-20 

8p0n. 38-39. 49 

spars. 93-94 

8ix}ilers. 39-41 

stability. 59-67 

stabilizer control. 96-97 . 

ttai).36 

stall speed. 79 

stalling angle. 35 

stalling point. 36 

static stability. 59 

sticky 68 




136 



straight and level, 30 . 
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